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Abstract 
The characteristics of flat plate floor slabs, beam-supported slabs and 
waffle slabs under diaphragm action are studied both experimentally and 
analytically. The diaphragm forces are applied in the plane of the floor systems 
either monotonically or cyclically. The results of a series of experiments are 
summarized and discussed. It is found that the ultimate strength of the slabs 
is controlled by the formation of major cracks and the opening and closing of 
these cracks govern their in-plane behavior. The reduction of the ultimate 
strength due to cyclic load is about 25% for beam-supported-slabs, 15% for flat 
plates, and 5% for waffle slabs. The presence of the full service gravity load 
reduces the in-plane strength by about 10% for the case of cyclic load and 25% 
for monotonic load. 
A new analytical model is developed for the study of reinforced concrete 
panels under in-plane loading. It is based on a modified Mohr-Coulomb 
criterion, with simple cut-offs m the biaxial compression and biaxial tension 
regwns. A gradual release of stress is suggested to account for the softening 
effect after failure. Eight different states are used to represent the different 
stages of deterioration of concrete. This analytical model reasonably represents 
the in-plane behavior of shear walls and floor slab panels. The behavior of 
Floor slabs under cyclic load have been successfully analized by the model up to 
3 to 5 cycles. From a parameteric study, it is found that doubling the amount 
of horizontal reinforcing bars in the column strip of the floor slabs results in an 
increase of the in-plane strength by about 25%. 
A beam analogy, including consideration of shear deformation, is suggested 
for study of floor slabs under in-plane monotonic load. For cyclic load, a 
1 
modified Takeda hysteresis model, with softening m stiffness at high load or 
displacement amplitudes, IS proposed. This simplified hysteresis model 
adequately represents continuous degradation of the floor slabs under repeated 
loading, and can be used in the study of nonlinear response of building 
structures containing flexible slab diaphragms. 
2 
Chapter 1 
Introduction 
In recent years, earthquake engmeermg has received more and more 
attention from structural engmeers and researchers. Good earthquake-resistant 
building designs not only improve the structural and occupant safety during 
major earthquakes but also are more economical in the long run. A great deal 
of time and effort has been spent for the development of better earthquake-
resistant design methods. Because the earthquake action IS displacement 
oriented m nature, the effective forces acting on a building structure are 
controlled by the stiffness and strength of the structure itself. A good seismic 
design depends on a realistic evaluation of the stiffness and strength of the 
structure to be designed, which in turn depends on a clear understanding of the 
behavior and interaction of its structural elements. Arbitrarily increasing the 
member sizes does not automatically produce a safer design. 
Although most building codes allow an Equivalent-Lateral-Force procedure 
to be used in earthquake design instead of directly treating the dynamic seismic 
effects, for large buildings or important and potentially earthquake-damage prone 
structures, dynamic analyses are often needed to ensure safety. To perform 
such a dynamic analysis requires the knowledge of the characteristics of all 
individual structural elements. An understanding of the characteristics of 
structural elements enables a realistic dynamic analysis, which in turn allows the 
rational evaluation of the effective forces acting on the individual elements. 
Much work has been done in studying the behavior of beams, columns and 
shear walls, as well as the out-of-plane bending of floor slabs. However, 
relatively little attention has been paid to the in-plane behavior of floor slabs. 
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The mam purpose of this study IS to examme the in-plane behavior of floor 
slabs. 
1.1 Statement of Problem 
The floor system in a multistory building serves several different structural 
functions. The primary function of a floor slab is to transmit the gravity load 
to the vertical supporting structural system, such as braced frames, rigid frame 
or walls. The floor system also acts integrally with the vertical systems, and 
serves as horizontal members of structural frames in resisting gravity as well as 
lateral loads. For both of these functions, the principal action of the floor 
system is that of out-of-plane bending, a problem which has been extensively 
studied in the past. Rational design procedures for reinforced concrete floor 
slabs subjected to out-of-plane bending are now available [1], [67], [80]. 
The floor systems also serve a third important function of connecting all 
vertical elements and distributing the lateral loads to the lateral load resisting 
systems. This is usually referred to as the diaphragm action. For this 
function, the performance of the floor system is controlled primarily by its in-
plane stiffness, and, in conjunction with the lateral stiffness of the lateral load 
resisting system. Under seismic loading, the floor slab has an added 
significance, since the floor system represents the maJOr portion of the mass of 
the structure. The dynamic inertial forces generated in the floor slabs must be 
distributed to the lateral-load resisting systems through the diaphragm action of 
the slabs. The distribution of lateral load depends on the relative stiffness of 
the floor slabs and the vertica.l systems [56]. 
In current design practice, the floor slabs m a high-rise building structure 
are usually treated as perfectly rigid m the determination of lateral load 
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distribution. This may lead to an unrealistic evaluation of the behavior of the 
whole structural system [76]. For example, in a structure containing both walls 
and frames as lateral load resisting systems, the assumption of a rigid floor slab 
usually leads to an under-estimation of the seismic forces carried by the frames 
and an over-estimation of the force distributed to the walls in the lower levels. 
For upper stories, this bias in distribution of lateral force is reversed [59]. For 
lower rise buildings, a reverse assumption is usually used, that is of completely 
neglecting the floor slab rigidity. The degree of discrepancy caused by these 
assumptions is dependent upon the relative in-plane stiffness of the floor slabs 
and the stiffness of the vertical elements. 
Buildings with one of the floor plan dimension much longer than the other 
exhibit similar problems. In these buildings, the in-plane behavior of the floor 
slabs resembles that of slender beams, and the deformation by flexure can be 
appreciable. Buildings of irregular floor plan will undergo significant torsional 
movement under seismic load. The in-plane stress in a floor slab may be very 
high in the proximity of the corner. [82]. For structures, in which the stiffness 
of the floor and the vertical systems do not differ greatly, diaphragm 
deformations of the floors must be explicitly considered in the analysis, and the 
information on in-plane stiffness of the floor system becomes very crucial. If 
shear walls are staggered, the floor slab system becomes part of the primary 
seismic-resistant system and must transmit the entire seismic shear forces. For 
such staggered wall-beam systems, the in-plane strength of the floor system IS as 
important as its stiffness, and both must be considered in design. 
Since the floor slabs serve as vital linkages for the vertical systems in 
resisting both vertical and horizontal loads, their failure by diaphragm action 
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could cause catastrophic damages. This kind of diaphragm failure has been 
blamed for several structural failures in the past [30], [38], [75]. The diaphragm 
action of floor slabs should be carefully examined. In an earthquake, repeated 
excursions into the inelastic range will cause gradual degradation of the floor 
system, and the distribution of lateral loads will change accordingly. Such 
changes also must be properly accounted for in the design. No general method 
is presently available to evaluate the in-plane characteristics of various floor 
diaphragms under seismic action. 
The significance of the problem and the need for research are described m 
the Applied Technology Council (ATC-3) [4] report as follows: 
Diaphragms. The rigidity of a horizontal diaphragm relative to the 
vertical elements to which it is connected affects the distribution of the 
seismic forces to the vertical resisting elements and in some instances 
may control the seismic response of the building as a whole. Further 
research is required to define when a diaphragm can be classed as rigid 
and when the flexibility is great enough to require special consideration. 
This research should take into account both diaphragm openings and 
the stiffness of the vertical elements relative to that of the horizontal 
diaphragm. 
The 1977 Workshop on Earthquake-Resistant Reinforced Concrete Building 
Construction (ERRCBC) noted the same need. The following is quoted from 
the workshop proceedings [34]: 
Diaphragms. Little experimental and analytical research has been 
conducted on reinforced concrete diaphragms. More precise information 
is needed on the factors dictating their flexibility and in particular any 
restrictions on their flexibility relative to that of the lateral load 
resisting system. Experiments should be undertaken to define the 
changes in flexibility likely with cracking and inelastic action, and with 
differing boundary elements and configurations. Particular attention 
should be given to the three-dimensional nature of a building's response 
to earthquakes and how compatibility constraints imposed by 
diaphragms affect that response. Constraints on the connection of 
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diaphragm to the lateral load resisting system should be identified and 
rules developed to ensure that such connections are not the weak point 
of the structural system. 
1.2 Previous Work 
The potential problem of floor flexibility was reported as early as 1961 
[38]. Goldberg and Hernes [29] studied the frequency and mode shapes of 
multi-story buildings. They adopted the slope-deflection equations with the 
masses lumped at the intersections of floors and vertical supporting elements. 
The floor slabs were represented by beams in which both flexural and shear 
deformations were taken into account. They found that considerable 
deformation of the floor occurred. Coull and Adams [23] presented a simple 
elastic method for assessmg diaphragm effects considering both torsion and 
bending. They found that a considerable redistribution of load occurred 
throughout the height of the building. Karadogan [45] suggested a simplified 
force method for the analysis of slab-type structure, and found that the rigid 
floor assumption is not on the safe side. Rutenberg [71] used the plane frame 
procedure to examine the flexibility of floor slabs and reported the redistribution 
of lateral load among the walls. Unemori et al [79] made a parametric study 
to examine the crosswall building systems including floor flexibility by finite 
element method and found that the lateral forces in walls may differ from 
predictions based on the rigid floor assumption by 20 % to 40 % depending on 
the slab flexibility. 
The rigid slab assumption simplifies the analytical procedure greatly, 
especially for three-dimensional analysis [53], [7 4]. Based on this assumption, 
the displacements of walls and columns can be expressed by two in-plane 
translations and one rotation of the rigid slab [28]. This procedure reduces the 
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number of unknowns to three master degrees of freedom per story. Due to its 
simplicity and efficiency, many widely used computer programs have been based 
on this rigid-floor-slab assumption [21], [85], [86], [87]. Button et al. 
[12] presented a study of the influence of diaphragm flexibility on the seismic 
response of buildings by using the computer program COMBAT. This program 
has increased modelling capabilities over its predecessors, TABS [85] and ETABS 
[ 86], and is capable of considering the flexibility of floor slabs. The study by 
Button et al. clearly showed that the diaphragm flexibility affected the dynamic 
characteristics of the building. They found the rigid floor slab assumption not 
only distorts the distribution of the lateral load to vertical systems, but also 
leads to an under-estimate of the total base shear. For a building with several 
wings, local modes may occur in separate wmgs. These modes, which are 
ignored in an analysis assummg a rigid floor system, may dominate the response 
of the floor systems. 
Roper and Iding [68] studied the diaphragm action in buildings with 
irregular features, and concluded that for buildings with abrupt changes m shear 
wall stiffness, shear redistribution among shear walls may occur, and treating 
floor slabs as rigid would not be appropriate. Boppana and Naeim [11] used 
SAP IV [7] and TABS80 [87] to model the floor diaphragms m concrete 
shearwall buildings, and found that the rigid floor slab assumption 
underestimates the shear m walls by as much as 59%. 
Jain and Jennings [38], [39]: [40]: [41], [42] studied the effects of flexible 
floor slabs and presented an analytical model. The floors and walls are treated 
as bending and shear beams, respectively. Floors of a multistory building with 
end walls are treated as uniformly distributed beam systems. The vertical 
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frames or walls are modeled as anistropic plates. The resulting equations of 
motion are solved with the boundary conditions to obtain the natural 
frequencies and mode shapes. 
All the research work cited above has been limited to the linear elastic 
behavior of floor slabs. Nakashima et al [57] expanded the study into in-elastic 
behavior and applied an origin oriented hysteresis model for floor slabs. They 
found that the rigid slab assumption caused significant distortion of base shear 
distribution in a seven-story frame-wall reinforced concrete building structure. 
The base shear m the frames was underestimated by 77%. 
The floor systems m their diaphragm action could be likened to shear 
walls in a horizontal position [34]. Both floor slab and shear wall have similar 
aspect ratios and are both under in-plane loads. The major difference between 
these two systems lies in their response to vertical loads, which cause in-plane 
compression in shear walls, but bending in floor slabs. Therefore, the behavior 
of floor slabs is truly three-dimensional, while the shear walls are plane-stress m 
nature. Another difference between the two systems is in the arrangement of 
reinforcements. Reinforcing bars in shear walls are usually placed symmetrically 
about their middle planes, and mostly extend the whole width of the wall. On 
the other hand, the reinforcing bars m floor slabs are distinctively 
unsymmetrical and many bars are cut off according to the requirement of 
flexural moments. Despite these differences, the two structural systems still 
show very similar in-plane behavior. Consequently, the analysis and design of 
the floor diaphragms are often based on experimental findings, theoretical 
analysis and design procedures originally developed for shear walls [1]. 
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1.3 Current Design Procedures 
As discussed above, the stiffness of the diaphragm affects the distribution 
of lateral forces among parallel lateral load resisting systems and must be 
carefully evaluated to achieve a proper design. In the Uniform Building Codes 
(UBC) [78], the flexibility (or stiffness) of the floor slab is not considered. The 
fundamental period of the structure is evaluated based on an elastic analysis of 
the vertical resisting systems, implicitly assuming the connecting diaphragms to 
be rigid. The distribution of lateral forces among parallel vertical systems 1s m 
proportion to their relative stiffness, which is also consistent with the rigid floor 
slab assumption. For structures with irregular shapes or frame systems, the 
distribution of the lateral force 1s determined considering the dynamic 
characteristics of the structure. UBC provides the following requirements for 
the design of the diaphragm. 
Diaphragms. Floor and roof diaphragms and . collectors shall be 
designed to resist the force determined in accordance with the following 
formula: 
n 
2: Fl 
l=x 
F w px n px 
2: w I 
l=x 
where: 
F1 = the lateral force applied to level /. 
W1 = the portion of W at level l. 
W = the weight of the diaphragm and the elements tributary px 
thereto at level x, including 25 percent of the floor live load in storage 
and warehouse occupancies. The force F .......... need not exceed 0.30 px 
ZIW in no case shall lateral force on the diaphragm be less px 
than 0.14 Z!Wpx· ( Z = Zone factor, I = Occupancy important factor.) 
When the diaphragm is required to transfer lateral forces from the 
vertical resisting elements above the diaphragm to other vertical 
resisting elements below the diaphragm due to offsets in the placement 
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of the elements or to changes m stiffness in the vertical elements, these 
forces shall be added to those determined (above). 
In the design of the diaphragms, no allowable shear stress IS specified m UBC. 
The basic allowable shear stress in concrete is vc = 2 Jf'c (psi) The 
minimum slab reinforcement for shrinkage and temperature effect is A
5 
0.0020 
A for Grade 40 or Grade 50 steel, and 0.0018 A for Grade 60 steel, with a 
c c 
maximum bar spacing of 5 times slab thickness or 460 mm (18 in). 
The Applied Technology Council (ATC-3) [4] recommends that the 
diaphragm stiffness be taken into consideration in the analysis of the structure: 
...... the design forces be based on an analysis which explicitly considers 
diaphragm deformations and satisfies equilibrium and compatibility 
requirements, or they should be the envelop of two sets of forces 
resulting from both extreme assumptions regarding the diaphragm: 
infinitely stiff or very flexible (Sec. 4.4). 
As for the design forces for diaphragms, ATC-3 suggests (Sec. 3.7.9): 
A m1mmum force equal to 0.5 Av times the weight of the diaphragm 
and other elements of the building attached thereto plus the portion of 
V required to be transferred to the components of the vertical seismic 
X 
resisting system because of offsets or changes in stiffness of the vertical 
components above and below the diaphragms. 
A : The seismic coefficient representing the Effective Peak Velocity-
v 
Related Acceleration, 
V : The seismic shear force at any level. 
X 
In the design of a diaphragm, ATC-3 allows a max shear stress (Sec. 11.8) 
v 
u 
2 Jf'c (psi) + p f for normal weight concrete, and 0. 75 v for y u 
lightweight concrete. The m1mmum diaphragm reinforcement ratio is 0.0025 in 
each direction with a maximum spacing of 460 mm (18 in). Boundary members 
are required if " ..... design compressive stress, calculated for any loading 
combinations including earthquake effects, is in excess of 0.2 f'c (Sec. 11.8.2)". 
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The boundary members are required to have lateral reinforcement along their 
full length. Diaphragm boundaries are to be proportioned to resist the sum of 
the axial force and a force obtained by dividing the design moment at the 
section by the total depth of that section (Sec. 11.8.4). 
The ACI building code did not contain any discussion about diaphragms 
pnor to 1983. The design requirements for diaphragms in the 1983 edition of 
ACI building code [ 1] are basically the same as those for shear walls, and 
similar to those of ATC-3. The nominal shear strength V n of diaphragm is 
V = A (a v'f' (psi) + p f ) 
n cv c c y 
where a varies from 3.0 for h /1 
c w w 
1.5 to 2.0 for h /1 = 2.0 or larger; h 
w w w 
is the height of wall (diaphragm) and lw IS the length of wall (diaphragm) 
considered m direction of shear force. The minimum reinforcement and the 
boundary member requirements m ACI are basically the same as those of 
A TC-3 stated earlier in this section. 
1.4 Scope and Objectives 
Most of the previous work on diaphragm action were case studies on the 
effect of flexible floor slabs on the total building response, and were based on 
either linear elastic analysis or drastically simplified nonlinear analysis. In the 
studies reported herein, the basic in-plane behavior of several common floor slab 
systems is examined under various loading and supporting conditions. The 
specific objectives are as listed below: 
• Identification of the important parameters govermng the in-plane 
characteristics of the floor slab systems from experimental studies. 
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• Examination of the effect of these design parameters on slab response and 
the development of methods for estimating these parameters. 
• Development of an analytical model, based on the finite element method, 
for the in-plane behavior of reinforced concrete floor systems. This 
analytical model will include the linear elastic, post-elastic, cracking and 
crushing characteristics of concrete. The degradation of the in-plane 
stiffness of the floor slab under cyclic load will also be examined with this 
model. 
• Verification of the analytical model. The analytical model will be 
examined with a series of experimental studies of floor slabs tested under 
in-plane loads. A parametric study will be made using the analytical 
model to study the effect of selected important parameters which are not 
covered m the experimental program. 
• Development of simplified models. Based on the experimental data and 
analytical model, simplified models will be proposed for the study of the 
in-plane behavior of floor slabs. The goal of these simplified models is to 
predict the ultimate in-plane behavior of the floor slabs without going 
through a nonlinear finite element analysis. Also, a reasonable conceptual 
hysteresis model will be developed for use as a basic tool in the study of 
nonlinear dynamic analysis of three-dimensional building structures. 
The study is reported in four main parts. Chapter 2 gives a summary of 
the experimental studies, which include three different floor slab systems: flat 
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plate, slab supported on beams, and waffle slab. The important parameters 
from the experimental studies are summarized and their effect on the in-plane 
characteristic of floor slabs are examined. Chapter 3 presents the development 
of the analytical model based on the finite element method. A review of 
concrete consititutive laws is presented first, followed by the proposed analytical 
model. The analytical model is based on a modified Mohr-Coulomb yield-failure 
criterion with emphasis on the tension and tension-compression regions. The 
analytical model provides the capability of analyzing reinforced concrete panels 
under monotonic and cyclic loadings. The applicability of this model is 
examined using the results of the shear wall tests performed by Cervenka and 
Gerstle [14]. Chapter 4 contains the analysis of the in-plane behavior of floor 
slabs using the model developed in Chapter 3 and comparisons with the 
experimental studies. Several important parameters are examined m this 
chapter. Chapter 5 shows the development of two simplified models: one for 
studying floor slab behavior under monotonic load, and the other, a simplified 
hysteresis model, for cyclic load. The hysteresis model can be incorporated into 
existing nonlinear dynamic computer program to study the building response 
under earthquake ground excitation considering the effect of flexible floor slabs. 
The results from both the experimental studies and the analytical finite element 
model will be utilized to examine the usefulness of the proposed simplified 
models. 
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Chapter 2 
Summary of Experimental Studies 
2.1 General Description of Specimen and Test Setup 
Starting from 1977, a comprehensive research program has been carried out 
m the Fritz Engineering Laboratory at Lehigh University. Three series of 
reinforced concrete floor slab specimens have been tested to study their in-plane 
behavior. These included flat plates supported on columns, slabs supported on 
beams, and waffle slabs. Many important parameters, such as the stiffness, 
strength and ductility m both the elastic and post-elastic range, have been 
incorporated into the test program. These fundamental characteristics are 
essential in the study of diaphragm behavior of floor slab systems and its effect 
on building structural response. 
The test specimens were designed as reduced scale models of prototype 
floor slabs, with shear walls providing the pnmary resistance to lateral load. 
The prototype panel dimension was assumed to be 7.32 m (24 ft) square. The 
floor height was 3.66 m (12 ft) center-to-center of slabs. The column size and 
shear wall thickness were both assumed to be 610 mm (24 in.). The service 
live gravity load was taken to be 3.83 kPa (80 psf). The chosen material 
strength were: 27.6 MPa (4,000 psi) for concrete in the floor slabs, 34.5 MPa 
(5,000 psi) for concrete in the columns and shear walls, and 414 MPa (60,000 
psi) for reinforcing steel. Table 2.1 and 2.2 list the material properties from 
cy Iinder and coupon tests of concrete and steel, respectively, used in the 
speCimens. A scale ratio of 4.5 to 1 was selected for the specimens, resulting in 
a specimen panel size of 1.63 m (64 in.) and a column size of 135 mm (5.33 
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in.) square. The thickness of the shear wall was also 135 mm (5.33 in.). The 
height of column and shear wall in the specimen were 406 mm (16 in.) to the 
center plane of the floor slab. This height was selected to reflect a point of 
inflection at the mid-height of the vertical members, as well as identical vertical 
members above and below the test floor. 
supported floor slab) is shown in Fig. 2.1. 
A typical test specimen (beam 
The specimens were designed for the gravity load according to the direct 
design method in ACI 318-77. On account of the small dimensions of the 
specimen, special attention was given to limit the size of aggregate and 
reinforcing bars. The aggregate was restricted to a maximum size of 6 mm 
(0.25 in.). The choice of the reinforcing bars was limited to the availability of 
small size bars, and D1, D2 and 03 bars were selected. These were greater 
than those from strictly proportional basis which was approximately Dl. The 
design of shear wall and column were much stronger than required by the 
adopted design load. This was done to ensure the ultimate strength of the 
panel can be achieved in the test. 
Two specimens were constructed for each of the three slab types: flat 
plate, beam-supported floor slab and waffle slab. Each of the test specimens 
contained three consecutive square floor panels supported on two interior shear 
walls and four columns. Quarter-panel extensions were provided all around 
beyond the column lines, in order to provide continuity and anchorage for 
reinforcing bars (Fig. 2.1). The slab thickness for flat plate specimen was 56 
mm (2.22 in.), corresponding to 254 mm (10 in.) for the prototype. For the 
beam-supported floor specimens, the slab thickness was 40 mm (1.56 in.) with 
edge beams 68 mm (2.67 in.) wide and projecting 96 mm (3. 78 in.) below the 
16 
slab (Fig. 2.1). The corresponding dimensions for the prototype were 178 mm, 
305 mm, and 432 mm (7 in., 12 in., and 17 in.), respectively. The waffle slab 
speCimen had a top plate thickness of 17 mm (0.67 in.) and rib stem size of 42 
mm x 68 mm (1.67 in. x 2.67 in.). These dimensions correspond to prototype 
value of 76 mm, 191 mm, and 305 mm (3 in., 7.5 in., and 12 in.), respectively. 
The selection of the waffle configuration was influenced by the existing gravity 
load distribution system which was used previously in the flat plate and beam-
supported floor slab tests. In order that the point load would occur at the 
intersections of the ribs, the center-to-center distance between the ribs was 
chosen to be one-sixth of the panel dimension or 271 mm (10.67 in.). This 
corresponded to a prototype structure dome module of 1,220 mm (48 in.) 
which was somewhat larger than the common commercial size of 610 mm (24 
in.) or 910 mm (36 in.). Fig. 2.3 shows the detailed dimensions of waffle slab 
specimen. 
A series of tests was conducted on each specimen. After an initial elastic 
stiffness test of the three panel specimen as a whole, each panel was tested 
individually to failure with different loading arrangements. These tests were 
designed to study the following in-plane characteristics of the floor systems. 
1. The initial elastic in-plane stiffness of the slab panel. 
2. The in-plane shear strength of the slab panel. 
3. The in-plane ductility of the slab panel. 
The effect of cyclic load, out-of-plane load, and shear span aspect ratio were 
also studied in the experimental program. 
A special test setup was developed for the experimental study. The test 
setup included four heavily reinforced concrete pedestals, a system of gravity 
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load distributing levers, a lateral load distributing frame, and two lateral load 
reacting frames. The pedestals were tightly anchored to the laboratory test 
floor, and were used to support the floor slab specimens during testing. The 
top of each pedestal was specially equipped to support either a shear wall or a 
pair of columns. The supporting condition at the bottom of these shear walls 
or columns could vary from totally rigid to freely sliding. 
The uniformly distributed gravity load on the test specimen was simulated 
by fifteen point loads of equal magnitude, evenly spaced in a 5x3 rectangular 
grid pattern. A series of statically determinate levers was provided m the 
gravity load distribution system to transfer a single jack load so that all the 
point loads would be equal. Inserts were embeded in the test specimens to 
connect with the levers. The total amount of load was controlled by a gravity 
load simulator (known as Lehigh type gravity load simulator) which allowed 
significant lateral displacement (approximately 152 mm) in its own plane 
without affecting the direction, or magnitude of the applied load. 
The in-plane load was applied through a lateral load distributing frame. 
This frame was designed to convert a concentrated jack load into five equal 
components and transmit them to evenly-spaced points along its line of action. 
Five equally spaced studs were embeded in the floor speCimen to receive the 
!~ad from loading frame and to transmit it to the middle plane of the floor 
speomen. This in-plane load distributing system was also capable of handling 
load reversals, which was necessary in the cyclic load test of the test specimens. 
Each panel formed the basic testing unit and was tested as an individual 
structure. The test panel was supported on one side by a fixed shear wall and 
free to undergo in-plane movement along the other edges. The in-plane shear 
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load was applied along the column line parallel but opposite to the shear wall, 
while the uniform vertical load was simulated by the equivalent point loads 
(Fig. 2.2). 
The details of the tests have been presented m several reports [43], [44], 
[46], [47], [58], [59], only a brief summary will be given herein. For the sake 
of easy reference, each test was identified by a five character alphanumerical 
designation. Table 2.3 gives a complete description of these designations. 
2.2 Initial Stiffness Tests 
The initial elastic in-plane stiffness of the slab panels were determined 
from both the testing of the three-panel specimens, and the individual panels. 
The initial stiffness test of each three-panel specimen was performed before the 
strength test. The initial stiffness of the single panel was obtained from the 
first stage of the strength test. In the stiffness tests of the three-panel 
specimens, both shear walls were anchored to the pedestal only at the center of 
the walls, so that translational movements were prevented, but rotation about 
its central vertical axis was permitted. This condition could be idealized as a 
hinge support. All the columns were supported in a free-to-slide condition. 
The specimens were subjected to either symmetrical or anti-symmetrical in-plane 
loads (Fig. 2.4). From the proper combinations of the Linear Variable 
Differential Transducer (LVDT) readings at various locations, the total in-plane 
deflections due to bending and shear were found. The magnitude of the applied 
loads was limited to approximately one eighth of the estimated ultimate 
strength of the structure. This low load limit was chosen to maintain linear 
elastic structure response. Table 2.4 shows the test results. The results from 
the linear finite element program SAP IV [7] and by the beam analogy (to be 
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discussed in Chapter 5) which included the shear deformation are also listed m 
Table 2.4. 
Initial stiffness of a single panel was obtained from the first load level 
(approximately one-eighth of the ultimate load) in the strength test. Table 2.5 
lists the initial stiffness from experimental results, finite element analysis and 
beam analogy of a single-panel. Experimentally, the presence of service vertical 
load caused a significant decrease in the initial stiffness. This was explained by 
the fact that these specimens were cracked by vertical load before the 
application of the in-plane load. Neither the SAP IV solution nor the beam 
analogy included the effect of cracking due to out-of-plane loading. 
By studying Table 2.4 and 2.5, one would find that the finite element 
analysis predicted a higher value of initial stiffnesses than those from the tests. 
This was in part due to the multitude of shrinkage cracks which reduced the 
stiffness greatly but were not modeled in the analysis. The upper bound nature 
for the stiffness evaluation inherent in the finite element analysis is also 
responsible for the over-estimation of the stiffness. Generally speaking, the 
results show reasonably good agreement among finite element method, beam 
analogy and the experimental results. This indicate that the initial elastic 
stiffness can be approximated by either the finite element method or by the 
simplified beam method. 
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2.3 General Description of Strength Tests 
In the strength test, one of the two shear walls of a speCimen was firmly 
attached to the pedestal, providing a fixed support condition. The other shear 
wall and all columns were supported in the free-to-slide condition. Through this 
arrangement, the specimen was structural separated into two parts at the fixed 
shear wall, and each side could be tested separately. 
Two types of in-plane load were used in the strength tests: monotonic load 
and cyclic load. The load was applied along the column line parallel to the 
shear wall through the horizontal load distribution frame. This frame 
distributed the shear load into five point loads along the column line. 
The strength tests were monitored through the displacement measurements 
along the column line. During the test, the load cell and L VDT 3 (Fig. 2.2) 
were connected to a X-Y plotter so that the load-displacement relationship could 
be monitored easily. 
2.4 Specimens Under In-Plane Monotonic Load 
Two different shear spans were selected for each slab system: 1,630 mm 
(64 in.) for side panels and 3,260 mm (128 in.) for middle panel. The key 
information obtained from these tests was the load-displacement relationship of 
the tested panel, including the initial elastic stiffness, the ultimate load capacity, 
and ultimate displacement capacity. In addition, the crack pattern of the 
panels was carefully noted. The testing was controlled by selected load 
increments at low to medium levels, but changed into displacement control when 
the ultimate load capacity was near. The approaching of ultimate capacity of 
the speCimen was signified by decreasing of stiffness, opening of major cracks, 
and fracture of reinforcing bars. After reaching ultimate state, the load was 
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gradually reduced to zero. This procedure is referred to as unloading. The 
slab panel was then loaded in the opposite direction. This is referred as 
negative loading. The test was completed upon the total release of the negative 
ultimate load. Seven slab panels were tested under in-plane motonic load: 
FH1MN, FH3MN, FH5MN, BH2MN, BH3MN, WH1MN and WH3MN. Table 
2.6 is a summary of the test results. Fig. 2.5 shows the load-deflection 
relationship of five of the seven test panels. 
The behavior of the three series of slabs tested was essentially the same. 
The initial cracks developed along the slab-wall junction. These initial cracks 
reduced the stiffness of the panel but did not govern its ultimate strength. The 
ultimate strength of the slab panel was governed by a major crack which was 
located near the section where many negative reinforcing bars were cut-off. The 
major crack propagated very fast and led to the fracture of the reinforcing bars. 
The great amount of energy released due to the sudden growth of concrete 
cra~k and the fracture of reinforcing bars usually led to a decrease of the 
resisting force, signalling the attainment of the ultimate strength. This explains 
the sudden drop of load of BH2MN at 120 kN (27 kips) (Fig. 2.5b). At that 
load, one reinforcing bar in the quarter-panel overhang and two in the beam 
broke at their intersection with the maJor crack, and the resistance was 
significantly decreased by about 31 kN (7.0 kips). Although the slab regained 
equilibrium and the load was increased again, the full strength of 120 kN was 
not repeated. Another reinforcing bar was broken at 89 k N, causing another 
drop of load while the slab reached its ultimate deflection of 7.6 mm. 
FHlMN was the first panel tested in the series and some difficulties were 
experienced in interpreting the recorded applied load. The ultimate load of 
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FH1MN listed in Table 2.6 was from the re-test of the panel after repamng 
with epoxy resin injection. 
FH5MN was a flat plate middle panel cast with one of the waffle slab 
specimens. It had the same thickness as the flat plate specimens ( 40 mm). 
However, the reinforcement arrangement was different. Cutoff points for 
negative reinforcement were extended from 406 mm (16 in.) to 457 mm (18 in.), 
measured from the center lines of shear walls. A combination of D2.0 and Dl.O 
bars were used m FH5MN, resulted m a better distribution of the 
reinforcements as compared with FH3MN which used D2.0 only. It should be 
noted that FH5MN used Grad 40 as well as Grade 60 steel, and resulted a 
higher steel ratio as compared with FH3MN. 
2.5 Specimens Under In-Plane Monotonic Load and Service 
Gravity Load 
In these tests, the full service gravity load was applied first, then the in-
plane shear load was applied. Thus the tested panel was subjected to the 
combined action of full service gravity load and a varymg in-plane shear load. 
The application of the in-plane loading followed the same procedure as in the 
tests without the vertical load. 
Under the full service out-of-plane live load and before application of In-
plane shear load, there were cracks observed near the wall and at mid-span for 
both flat plate and waffle slab. For the beam-supported slab specimens, there 
were two parallel crack lines on top of slab along the wall and at the column 
line. These cracks were believed to be primarily responsible for the lower initial 
stiffness of these panels in comparison with those without gravity load. Because 
of the live load, the crack patterns at failure on the top and bottom surface 
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were quite different after the strength test. The maJOr cracks, however, were 
observed almost simultaneously on both top and bottom surfaces. 
During negative loading, the cracks caused by the positive loading closed 
gradually. Due to the gravity load, some vertical offset remained after the 
crack closing, which induced highly concentrated local compressive stresses, and 
led to the reduction of the negative ultimate load. A summary of the test 
results is given in Table 2.7. The load-deflection curves of FVlMN, BVIMN, 
and WV2MN are shown in Fig. 2.6. 
2.6 Specimens Under In-Plane Cyclic Load 
In order to study the degradation of stiffness and strength under 
repetitions and reversals of loading, slab specimens were also tested under cyclic 
loading. The specimens were subjected to a preselected loading spectrum, which 
included three repeated cycles at each loading or displacement level. The first 
few load levels were designed for linear elastic behavior. The test under low 
level of loading not only provided a check of the test setup but also gave the 
initial linear stiffness of the structure. As the load level increased, the concrete 
started to crack, but the stresses in the reinforcing bars remained in the linear 
elastic range. The stiffness of the structure degraded due to cracking of the 
concrete. After the concrete cracked, the stress in the steel increased rapidly 
upon further increase of the applied load and led into the plastic loading cycles. 
For plastic cycling, the reinforcing bars began to yield and the total stiffness of 
the specimen degraded more rapidly. The plastification of the reinforcing bars 
was believed to be one of the major contributors of the hysteretic behavior of 
the specimen under cyclic loading. After reaching the ultimate resistance, the 
peak load decreased appreciably in successive cycles of the same amplitude. The 
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degradation in stiffness was also noticeable. 
In general, there was less difference between the last two cycles than 
between the first two cycles of each group. The development and opening of 
most of the cracks were first observed during the initial cycle of a group, with 
few additional cracks developing during the second and third cycles. Such a 
behavior was consistent with the observation of relatively little deterioration 
between the second and third cycles. It is reasonable to expect only minor 
change in the hysteresis loops under additional cycles of loading. 
The location of the maJor cracks was similar to that of the slabs tested 
under in-plane monotonic load. Unlike the specimens tested under monotonic 
load, the ultimate loads under cyclic load for both positive and negative loading 
were almost the same. Table 2.8 lists the test results. Fig. 2. 7 shows the 
hysteretic load-displacement curves for FH3CY, BHlCY, BH3CY, and WH2CY. 
2. 7 Specimens Under In-Plane Cyclic Load and Service Gravity 
Load 
For the cyclic load test with full service live load, the procedure was 
basically the same as that without the live load. The live vertical load was 
applied before the cyclic horizontal load, and maintained at its full value 
throughout the test. Under service live load, but before the application of 
cyclic in-plane load, cracks were observed agam as stated in Section 2.5. The 
general behavior of these tests was similar to those of Section 2.5 and 2.6. 
The hysteretic behavior was affected by the considerable damage due to 
the action of the out-of-plane loading. Unlike those specimens tested without 
vertical load, the three hysteresis loops of consecutive cycles showed significant 
difference. Weakening of the panel was clearly indicated by increased 
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displacement under the same load or m later cycles, by decreased resistance at 
the same displacement. The vertical load seemed to amplify the vertical offset 
after the concrete were cracked. This vertical offset of the crack produced high 
stress concentrations after the cracks were closed, and was believed to be the 
maJor factor which weakened the testing specimens. The results are given in 
Table 2.9 and Fig. 2.8. 
2.8 Discussion of Experimental Studies 
General Description Under In-Plane Load 
Under in-plane load the floor slab panel behaved like a cantilever deep 
beam. The in-plane ultimate strength was influenced by the nature of loading 
(monotonic or cyclic), the moment-to-shear (span-to-depth) ratio, and the 
intensity of vertical load. In all cases the ultimate strength was reached after 
the development of a major crack which extended parallel to the shear wall at 
the location where a number of negative reinforcing bars were terminated. 
After the formation of this maJOr crack, the overall deformation of the panel 
was controlled primarily by the opening and closing of the major crack, with 
few new crack developed. The opening of the major crack enabled the slab 
panel to deflect greatly without significant decrease of resistance. The section 
at the major crack acted like a plastic hinge. The opening of the major crack 
also caused a reduction of the compression region. Several panels finally failed 
by the rupture of reinforcing bars and crushing of concrete in the compression 
regwn. 
Ductility Under In-Plane Load 
The capacity of a structure to sustain inelastic deformation without 
significantly losing its resistance is frequently represented by a ductility factor, 
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D, which is the ratio of the ultimate deformation ou to the elastic (or yield) 
deformation o . The ultimate displacement o refers to the displacement at the y u 
maximum load. Various method of defining the yield displacement have been 
used in literature [54]. In this report, the yield deformation, o , is defined as y 
the ultimate load divided by the linear elastic stiffness, which is obtained by 
connecting the origin and the point of initial yielding of the reinforcing bar 
(Fig. 2.9). In Table 2.10 are listed the yield displacements o , ultimate y 
displacements ± o , and the ductility factors, ± D, of various test specimens. 
u 
The total displacement, ot, which is the sum of the ultimate displacements m 
both directions are also listed m Table 2.10. The total displacement can be 
viewed as an indication of the deformability of the tested floor slab. It should 
be noted that the tests under negative loading were conducted on panels 
severely damaged by the positive load test. Consequently the ductility factors 
for positive and negative loads should not be compared directly. For all panels, 
the ductility factors for positive load are between 1.9 and 6.2. 
Effect of Nature of In-Plane Load 
The slabs tested under cyclic loading showed lower ultimate strength as 
compared with those tested under monotonic load. This is due to the damage 
accumulated during repeated reversal of loading. The concrete which has been 
cracked would not regain its full compressive strength even after closing. This 
reduced the ultimate strength under cyclic load significantly. Table 2.11 shows 
the ratio of the ultimate load under cyclic loading to that under monotonic 
loading. The strength reduction due to cyclic loading was approximately 17 to 
26% for beam-supported slabs, and 14% for flat plates. As for waffle slabs, the 
reduction of strength was less than 5% and could be ignored practically. Also 
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listed in Table 2.11 are the companson of ductility ratios for positive loads. A 
significant scatter is observed, from 0.388 to 1. 788. This might be due to the 
uncertainty in the calculation of the yield deformations 6 . The calculation of y 
the ductility factors under cyclic load was based on the same method as that of 
monotonic load. This does not properly include the effect of the plastic 
deformation experienced in the previous cycles. So the direct companson of the 
calculated ductility factors under monotonic load and cyclic load is not truly 
meaningful. An alternate way of examining the effect of cyclic load and the 
monotonic load is to compare the deformability, which IS related to the total 
displacement. The total displacement for all cyclic loading cases are smaller 
than that for their monotonic loaded companions, with the reduction as high as 
40%. 
In the monotonic load test, all slabs showed a significant decrease of both 
stiffness and strength under the negative loading as compared with positive 
loading. These reductions were attributed to the damage caused by the positive 
loading. As the ultimate strength under positive loading was reached, several 
reinforcing bars broke and the major crack extended far beyond the panel 
centerline. Under negative loading, the cracks caused by the positive loading 
did not close completely, leading to reduced stiffness. In addition, out-of-plane 
offsets occurred at these cracks, creating high concentration of local compressive 
stress. These damages obviously weakened the panel when loaded in the 
opposite direction. 
Unlike the specimens tested under monotonic load, the cyclically loaded 
speCimens showed nearly equal strengths for positive and negative loadings. 
This was because under cyclic loading the damage was accumulated gradually, 
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and the directional effect was greatly reduced. 
Effect of Gravity Load 
The basic behavior of slabs tested with gravity load was very similar to 
that without gravity load. The cracking pattern and ultimate deflection 
capacity were about the same. One major difference was that the gravity load 
reduced the initial in-plane stiffness significantly. The average reduction of 
initial in-plane stiffness for slab-on-beam specimens was 14%. For waffle slab 
specimens, the average reduction due to gravity load was 42%. The cracking of 
the slab caused by the vertical loads was believed to be responsible for this 
reduction. The amount of the initial cracks and their effect on the initial in-
plane stiffness varied considerably. For example, the initial stiffness of WVICY 
and WV2MN, after the application of gravity load, differed by as much as 39% 
(Table 2.5). 
The load at which yielding of reinforcing bars was first detected occurred 
at a much lower level for panels subjected to vertical load than for those 
without vertical load. The ratio of first yield loads for BVIMN and BH2MN 
was 0.811. For WV2MN and WHIMN it was 0.627, and for panels WVICY 
and WH2CY, this ratio was an even lower 0.532. Thus the presence of full 
service vertical load caused a 40 to 50% decrease of the first yield load. 
As for the ultimate strength, a difference of up to 20% was observed for 
the monotonically loaded specimens (Table 2.6 to 2.9). For those under cyclic 
load, a maximum of 10 % reduction in strength was observed. However, the 
existence of the vertical load had almost no effect on the ultimate capacity of 
the in-plane strength of waffle slabs. 
Effect of Change of Shear Span Aspect Ratio 
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In order to study the effect of shear span, two different shear spans were 
used for each slab system. A 1,630 mm (64 in.) shear span was used for the 
side panels and a 3,260 mm (128 in.) shear span for the middle panels. 
The first yield load for WH3MN was 35.6 kN (8 kips) while that of 
WH1MN was 71.0 kN (15.96 kips). The first yield load of slab supported on 
beams series also had the same trend with 76 kN (17 kips) for BH2MN and 37 
kN (8.25 kips) for BH3MN. These loads were almost exactly in mverse 
proportion to the shear spans, hence reflect almost identical in-plane bending 
moment at the fixed edges. It may be concluded that the steel stress was 
primarily controlled by the bending action of the slab at this stage. 
The effect of shear span on the ultimate in-plane strength was studied by 
calculating the ratio of ultimate load for the paired specimens. For 
BH3MN /BH2MN, this ratio was found to be 0.4 7 and 0.44, respectively, for 
positive and negative loading. Corresponding values were 0.42 and 0.44 for 
BH3CY /BH1CY, 0.45 and 0.44 for FH2CY /FH3CY, and 0.56 and 0.46 for 
WH3MN/WH1MN. Almost all these ratios were somewhat lower than the 0.50 
ration of the moment arm. It was felt that the location of the major crack 
had an important influence on the ultimate behavior. The ratios of distances 
from the loading line to the major crack were 0.43 for both slab supported on 
beams and flat plates, and 0.40 for waffle slabs. The good agreement between 
the ratio of the in-plane ultimate strengths and the ratio of distances to the 
major crack for the flat plate and beam-supported slab specimens suggested that 
the ultimate strength of these specimens were controlled primarily by the 
flexural capacity at the location of major crack, with the transverse shear force 
having only a secondary effect. For waffle slabs, the ratio of in-plane strengths 
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was significantly different from that of the distances of maJor crack. It should 
be noted that the waffle slab specimens were the last one of the three series 
tested, and that the termination of negative reinforcing bars had been extended 
to 533 mm (21 in.} as compare with 406 mm (16 in.} for the two earlier floor 
systems. This modification of reinforcing detail forced the major crack toward 
the loading line ~nd consequently increased the ultimate load. Examining the 
major cracks more closely, it was found that the major cracks initiated from a 
location near the boundary. of the column strip and middle strip, and ran 
parallel to the fixed shear wall for a short distance before turning toward the 
fixed support. The failure modes were the wide opening at the origin of the 
major cracks which caused breaking of reinforcing bars, and crushing of concrete 
at the fixed support. In general, the in-plane strength of the tested floor panels 
was governed by the major cracks, with the bending strengths at the maJor 
crack and at the fixed support providing upper and lower bound values, 
respectively. 
The doubling of the moment-to-shear ratio was found to mcrease the 
ductility considerably (Table 2.10}. This increase in ductility may be viewed as 
a consequence of the different crack patterns m these speCimens. An 
examination of the crack pattern showed that for a depth-to-span ratio of 0.75 
the cracks were mostly of the diagonal type, while for a higher ratio of 1.5, the 
cracks were dominated by the shear-flexure type. As the opening of the flexural 
cracks and the yielding of reinforcing bars contributed significantly to the plastic 
deformation of the slab panel, the observed increase of ductility with the 
moment-to-shear ratio was understandable. 
Effect of Reinforcements 
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For all the test panels, the maJor crack ran parallel to the fixed shear 
wall and was located near the section where many of the negative moment 
reinforcing bars in the column strip were terminated. 
FH5MN test was designed to examine the effect of reinforcing details on 
the behavior of the flat plate panel. The extension of the negative reinforcing 
bars in FH5MN was expected to change the location of the major crack, and to 
increase the ultimate strength. The ultimate strength of FH5MN was about the 
same as FH3MN. Apparently, the extension of negative reinforcing bars in 
FH5MN was not long enough to improve the ultimate strength. Nevertheless, 
the major crack again developed very close to the location where a lot of 
negative reinforcing bars were either cut-off or bent down. Panels FH5MN and 
FH3MN, which contained bent bar reinforcements, behaved less satisfactorily 
than the other panels which used separate straight top and bottom bars. It 
was believed that the bent bars tended to straightened out after cracks 
developed at the bent position and accelerated the widening of the crack. It is 
therefore recommended not to use bent bars in floor slabs subjected to large in-
plane loading. 
Since the amount of the reinforcement is one of the maJor factors affecting 
the ductility of reinforced concrete structures, it IS of interest to examme the 
effect of the steel ratio on the ductility of the test specimens. Table 2.12 listed 
the steel ratio of column strips and middle strips of various tested panels. 
Although the reinforcements in the testing panel were designed for the out-of-
plane effect, larger steel ratios were correlated to a more ductile behavior under 
in-plane load. 
Effect of Different Slab Systems 
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Although all the slabs were designed for the same out-of-plane live load, 
the in-plane strengths of different slab systems were quite different. Table 2.13 
listed the comparison of initial stiffness, ultimate strength, ultimate deflection, 
and ductility factor of different floor slab systems. The strengths of flat plates 
and beam-supported-floor slabs were almost in proportion to the thicknesses of 
the two systems. The edge beams of a beam-supported-slab panel seemed to 
form a constraining frame, which contributed little to the strength, but 
increased the ductility significantly. In comparison with other floor slab 
systems, waffle slab was supenor m ductility. It is believed that the ribs 
formed a grid system which contributed to the increase of the ductility. On the 
other hand, the flat plate panels showed the least ductility among the tested 
systems. 
Although the three floor slab systems had different floor thickness, the 
steel ratio seemed to smear out the direct effect of thickness and provide an 
indication about its effect on the ductility ratio. Table 2.12 listed the steel 
ratios of column strip and middle strips of the various tested slab systems. It 
is seen that the waffle slab had the largest amount of reinforcement, flat plate 
the second, and beam-supported-slab the least. However, from Table 2.13, the 
ductility factor was the largest for waffle slabs, and the least for flat plates. 
The steel ratio of the column strip of the waffle slabs was almost double those 
of the other two types. This was believed to be primarily responsible for waffle 
slab to have the best deformability. It should be pointed out that the steel 
ratios of all three slab systems were quite small, and most of the specimen 
finally failed by rupture of steel bars. The steel ratios of slab-on-beams and 
flat plate were very close, with a slightly higher value in the flat plates. 
33 
However, most slab-on-beams had better ductility than that of the flat plates. 
It is believed that the concentration of the reinforcing bars in the supporting 
beams formed a restraining frame and improved the deformability of the slab-
on-beams system. 
2.9 Conclusions From Experimental Studies 
From the experimental results, several primary conclusions can be drawn: 
1. Shrinkage cracks developed at the slab-to-wall connection caused a 
significant decrease in initial in-plane stiffness. 
2. Under full servtce out-of-plane live loads, a long negative moment crack 
developed along the slab-to-wall junction. This crack reduced the in-plane 
stiffness greatly. 
3. Cyclic loading led to more distributed cracks and plastic deformation but 
did not change the development of the major crack. 
4. Cyclic loading caused reduction of the in-plane strength and the 
displacement capacity of a floor panel. The reduction in strength was less 
than 30% for slab-on-beams and flat plate. For waffle slab, this reduction 
was less than 5%. 
5. The presence of full servtce gravity load caused decrease of about 10% in 
the in-plane strength for cyclic load, and 20% for monotonic load. 
However, the displacement capacity was not seriously affected. The 
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general behavior of the slabs was not altered by the vertical load, and the 
major crack still developed along the boundary between the column and 
middle strips, with the complete formation of the major crack governing 
the ultimate resistance. 
6. In-plane strength of the slab panels was basically controlled by the flexure 
strength at the major crack. In all cases, the major crack was started 
from where many of the negative reinforcing bars in the column strips 
were terminated. 
7. The bent-up bars in a slab panel tended to straighten out after the 
opening of the major cracks, and to accelerate the growth of the cracks. 
8. The in-plane shear strengths of the flat plate and slab-on-beams were 
nearly in proportion to the respective slab thickness. 
beams contributed little toward strength. 
The supporting 
9. The supporting beams formed a restraining frame for the slab panel in the 
slab-on-beam system, resulting in an improvement In the displacement 
capacity. 
10. Waffle slab exhibited larger ductility as compared with flat plate and slab-
on-beams. 
]t should be noted that the experimental programs were aimed at 
examining the fundamental characteristics of the diaphragm actions of the floor 
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slabs. All the experimental work was performed on cantilever floor slabs with 
in-plane edge loading. More experimental studies involving different loading and 
boundary conditions are needed. Instead of examining the individual floor slab 
element, further experimental program should include the testing of complete 
floor configuration. A dynamic shaking table study, which will include the 
effect of the nonlinear interaction of diaphragm and the vertical supporting 
elements, will be also useful. 
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Chapter 3 
Analytical Model by Finite Element 
Method 
3.1 General 
A summary of the experimental studies of different floor slab systems has 
been presented m Chapter 2. These experimental studies provided much 
' 
valuable information. Yet, due to the limited number of tests, the experimental 
data were insufficient for development of design guidelines for floor slabs. 
Further studies are needed to develop methods of analysis for slabs and to 
provide rational bases for modelling the hysteretic behavior. 
The current design procedures of reinforced concrete structures have been 
based largely on the empirical approach, using the results of experimental 
studies. Linear analysis of reinforced concrete structure is generally considered 
as adequate for engineering practice. However, these traditional methods based 
on linear analysis and empirical approach have been questioned in a number of 
applications. For example, the standard design method may be inadequate m 
the design of concrete structures to safely withstand strong earthquake ground 
motion for which the energy absorption capacity, associated with large inelastic 
deformations, is to be activated. By carrying out a complete structural response 
analysis up to collapse, it is possible to assess all safety aspects of a structure 
and its deformation characteristics. 
Because the complexity of the nonlinear material properties and the 
composite action of reinforced concrete structure, a closed form solution based 
on direct application of classical theories of continuum mechanics is very 
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difficult, if not impossible. Ngo and Scordelis [60] first applied the finite 
element method to the analysis of reinforced concrete beams in 1967. Since 
then the use of finite element method in the analysis of reinforced concrete 
structures has grown as fast as the advance of the digital computer and the 
finite element method itself. The state-of-the-art report by ASCE [3] provides a 
very good survey on the finite element analysis of reinforced concrete structures. 
3.2 Review of Reinforced Concrete Material Models 
Finite element method has been used for linear and nonlinear analyses of 
reinforced concrete structures. A realistic nonlinear analysis not only can 
provide a better assessment of the safety of the structure, but also in some 
cases reduce its cost. However, several factors still hamper the use of nonlinear 
finite element analysis procedures in the analysis of concrete structures. The 
first important consideration is that the constitutive properties of concrete have 
not as yet been identified completely, and there is no generally accepted 
material law to model concrete behavior. A second important factor is that 
nonlinear finite element method analysis of concrete structure is very costly and 
require much user sophistication. The high cost of nonlinear analysis of 
concrete structure is largely due t.o the difficulties encountered in the stability 
and accuracy of the solution. 
The nonlinear finite element analyses of reinforced concrete structures are 
very complicated, and the success of the computation depends greatly upon the 
material models selected for steel and for concrete. The nonlinearity of 
reinforced concrete structures comes from one or several of the following sources: 
1. Plastification of concrete and of the reinforcing steel. 
2. Cracking and/or crushing of the concrete. 
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3. Bond slip between reinforcing bars and concrete. 
4. Time dependent effects, such as creep, shrinkage, temperature, and the 
loading history. 
Many researchers have studied these nonlinearities, but due to the 
complexity of these factors and the scattering of test data, no generally accepted 
material model including all these factors has been developed. Even if it is 
possible to have a specific model that covers all the factors mentioned above, 
the practicality of such a complex model would still be doubtful. Instead, 
depending on the type of the structure and loading, certain assumptions have to 
be made m order to simplify the problem. References [3], [16] and 
[17] presented revtews of varwus material models for concrete. 
summary ts given below. 
Linear Elastic Brittle Fracture Model 
A brief 
The tensile strength of concrete is much lower than the compressive 
strength. The tensile cracking occurs at a very low stress level, leading to a 
substantial reduction of the structural stiffness. For certain types of structures, 
e.g. shear walls, tensile cracking is the major contributor to nonlinear behavior. 
As a matter of fact, a concrete model will not be sucessfull without the 
consideration of an appropriate representation of tensile cracking. The linear 
elastic brittle fracture model is based on linear elasticity, combined with the 
maximum principal stress failure criterion for tension to take into account the 
effect of tensile cracking. In this model, cracking is assumed to occur when the 
principal stress reaches its limiting value. The direction of the crack is assumed 
to be normal to the direction of the principal stress or strain. The stress 
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release and the stiffness degradation due to cracking are m the direction across 
the crack. 
Although this model may over-simplify the concrete material behavior and 
obviously has many shortcomings, it is one of the most commonly used concrete 
model for uncracked as well as cracked concrete. Chen [18] used this model to 
study the reinforced concrete panels tested at the University of Toronto in the 
summer of 1981, and found good agreement. 
Nonlinear Elastic Fracture Model 
The linear elastic fracture model can be improved significantly by 
introducing the nonlinear elastic material law for concrete m compression [25], 
[51], [52], [61]. This approach assumes that the nonlinear behavior of concrete 
under compression can be simulated by changing values of the tangent elastic 
modulus. Although this assumption of nonlinear elasticity violates the real 
concrete behavior which has an irrecoverable plastic component, it provides a 
very good approximation for structures subjected to monotonically increasing 
load. Besides, the formulation of this model is much simpler as compared with 
plastic theory based models. 
Elastic Perfectly Plastic Fracture Model 
Under certain situations, the irrecoverable strain of concrete may play an 
important role in the structural behavior. This is especially true if unloading 
takes place during the loading history of the structure. Plastic deformation 
must be included in the analysis of these structures. One of the simplest 
plastic model for concrete assumes concrete to be elastic-perfectly-plastic in 
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compressiOn and linearly elastic brittle fracture in tension. In this model, the 
concrete material 1s assumed to be linearly elastic until it reaches the yield 
limit, defined by a specific yielding criterion. Once yielding starts, the plastic 
deformation takes place without limit and the state of stress remains on the 
yield surface. Upon unloading, the material behaves linearly elastically, and the 
plastic deformation remams permanently. The maximum principal stress 
criterion 1s generally adopted for tension. The plastic deformation capacity in 
compressiOn 1s limited by a crush, or failure, surface, which generally has the 
same form as the compressiOn yield criterion, differing only by certain strain 
hardening parameters. 
This model has been used successfully in the past in predicting inelastic 
structural behavior. Cervenka [13] applied this model with the von Mises yield-
failure criterion to study the behavior of shear walls under monotonic loading 
and obtain good agreement with the experimental results. Agrawal [2] also 
applied this model to study reinforced concrete panels under monotonic and 
cyclic loads. 
Elastic Hardening Plastic Fracture Model 
The elastic hardening plastic fracture model provides the best 
representation of the concrete behavior. The additional feature included in this 
model is that after the initial yielding surface is reached, the subsequent yielding 
surfaces (also called loading surface) are determined by a certain hardening rule. 
The isotropic hardening rule is most commonly used. Kinematic or mixed 
hardening rules are also used, depending on the failure criterion assumed. 
Among the several models cited m this section, the elastic hardening 
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plastic fracture model is the most sophisticated. Additional refinements are not 
likely to produce significantly improved results. Many concrete material models 
based on elastic hardening plastic fracture have been presented in recent years 
[8], [37], [84]. 
3.3 Proposed Finite Element Model 
The primary function of floor slabs 1s to resist vertical load. Even when 
the floor slab acts as a diaphragm, the out-of-plane loading is unlikely to be 
absent. Therefore, a rigorous analysis should include the complex interaction 
between the in-plane and out-of-plane loads, which leads to a three dimensional 
problem. Since three-dimensional analyses are very complicated even in the 
linear range, the practical difficulties involved in conducting three dimensional 
nonlinear analyses of reinforced concrete structures are obvious. 
In the experimental study summarized in Chapter 2, the floor slabs were 
tested under either in-plane load only or under the combination of in-plane and 
out-of-plane loads. Comparisons of the test results showed that the basic 
behavior of slabs under these two types of loading arrangements were nearly the 
same. The crack patterns, the failure modes, and the stiffness degradation 
behaviors were almost identical. The difference in the ultimate load capacities 
was not more than 20%. (For waffle slab, the ultimate load capacities were 
almost identical for the two type of loadings.) Based on these observations, it is 
felt that the diaphragm behavior of a floor slab can be represented by its 
behavior under in-plane load alone. With this assumption the analysis of floor 
slabs as diaphragm is simplified to a two dimensional plane stress problem. 
The finite element model used in this study, of reinforced concrete floor 
slabs under in-plane loading, consists of two-dimensional plane-stress elements 
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representing concrete, and truss elements representing the reinforcing bars [15]. 
The basic plane stress element and truss element have been treated in many 
finite element text books [6], [88]. In this study, the computer codings of most 
standard subroutines were taken from Ref. [35], [36], [65]. 
Formulation of Truss Element 
A 2-node truss element is selected to represent reinforcing bars (Fig. 3.1). 
The element stiffness matrix of a truss element in local coordinates is 
EA 
L 
1 -1 
-1 1 
where E is the Young's modulus, A is the cross-sectional area of the element, 
and L is the length of the element. The stiffness equation in the global 
coordinate can be expressed as 
[ K'11 
Ke21 K',l Ke22 [;:] ~ [ ::: 1 
m which [Ke11] = [Ke22] - [Kel2] = - [Ke21] 
EA 
[ Co• 2o l - SinaCosa L SinaCosa Sin2a 
where a is the angle between global and local coordinates, {b\}, {be2}, {R\} 
and {Re 2}, are the displacement vectors and load vectors at nodal point 1 and 
2, respectively. If the stress in the truss element reach the yield stress, perfect 
plasticity is assumed with increasing plastic strain (Fig. 3.2). The Bauschinger 
effect is neglected in cyclic loading, and the initial stiffness is regained upon 
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unloading, until the yield stress in the opposite direction is reached. When the 
total strain reaches its ultimate value, a brittle fracture is assumed to occur and 
the stress in the member is released completely. 
Two Dimensional Plane Stress Element 
A four-node isoparametric quadrilateral plane stress element was selected to 
represent concrete element. The geometry of the element is described by a set 
of natural coordinate (r,s) such that a hi-unit square is uniquely mapped into 
the plane stress element (Fig. 3.1). The displacement vector of a point P 
located at (r,s) in the element can be expressed in terms of nodal variables 
4 
{U(r,s)} = L N ~ = [N] {6} , 
i=l 
where ~ is the absolute displacement vector at node and Ni IS the bilinear 
shape function which can be expressed as 
i = 1, ... ,4 
where (ri, si) is the position vector of nodal point i m the natural coordinate 
system (r, s). The position vector of a point P can be expressed in terms of 
the nodal positions as 
4 
{x(r,s)} = L N xi= [N] {X} 
i=l 
where Xi is the position vector of nodal point i (i=1, ..... ,4). In a plane stress 
problem, the displacements are expressed as {U} = [u(x,y), v(x,y)jT where u and 
v are the displacement components in the x and y directions, respectively. The 
strain components for plane stress problems are 
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When deformations are small, the relationship between strain and displacement 
components can be simplified as 
au 
t 
ax ' XX 
av 
E yy ay ' 
au ov 
lxy =-+-ay ax 
or {t} = [B] {6} where [B] 1s the strain-displacement matrix, [B] 
B -
' 
aN. 
' 
ox 
0 
aN. 
' 
0 
aN. 
' 
ay 
aN. 
' 
ay ax 
Finally, the stresses are related to the strains by the elasticity matrix [D] as 
follows 
{u}= [D] {t} [D] [B] {6} 
or 
(T 1 0 E 
XX XX 
E 
(T v 0 E yy 1-v2 yy 
1-v 
(J 0 
xy 2 lxy 
0 
where E is the modulus of elasticity, and v 1s the Poisson's ratio. The element 
stiffness can be derived from the minimization of total potential energy of the 
structure. The total potential energy, 1r 1 can be expressed as 
1r = ~ { [uf [t) dV- { [6f [P) dV- { [6f [Q) dS 2lv lv ls 
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where [P] are the applied body forces per unit volume, [Q] are the applied 
surface tractions per unit area, V is volume of the structure, and S is the 
loaded surface area of the structure. By the discretized nature of finite element 
representation, the total potential energy in a structure is the sum of the 
potential energy of the individual elements. Thus 
n 
1r = '""""' 1r ~ e' 
e=l 
where 1r represents the total potential energy of element e. 
e 
= ~ r wJriBfiDJ IBJ wJ dv- r wfiNf IPJ dv- r wfiNfiQJds . 
2 1v. 1v. 1s. 
where V is the element volume and S is the loaded element surface area. 
e e 
From the minimization of the total potential energy with respect to the nodal 
displacement 6" for the element: 
a1r = 2: , r IBf IDJ IBJ wJ dv- r INf IPJ dv - r INJT IQJ ds) 
86" lve 1\fe 1 Se 
e 
= L ( [K]" [0"] - [Fje )=0 
In the above, [F]" is the equivalent nodal forces of element e , 
[F]" ~ { [Nf [Pj dV+ { [Nf[Q] dS; 
· 1\fe 1se 
[K]" is the element stiffness matrix, 
[K]" = { [Bf[D] [B] dV 1\fe 
In a plane stress problem, 
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[K]e = t ! [B]T [D] [B] dA , 
Ae 
m which t is the thickness in the direction of the third dimension. 
3.4 Plastification of Concrete 
The typical stress strain curve of the concrete under uniaxial stress state 
1s shown in Fig. 3.3. The simplified stress-strain curve used in this study is 
also shown in the same figure. For concrete under biaxial stress state, Kupfer's 
experimental results are usually cited [49]. For the purpose of analysis, many 
different failure criteria approximating Kupfer's results have been used. One of 
the simplest and the most widely used model is the Mohr-Columnb criterion 
with tension cut-off (Fig. 3.4). This model was first proposed by Cowan in 1953 
[24]. Since then, many researchers have used Mohr-Coulomb criterion with 
vanous modifications to study reinforced concrete behavior, with generally good 
agreement. 
Most experimental data on concrete stress-strain relationships under 
multiaxial stress state were for the failure state. Very few studies have been 
made concerning the initial yield, or onset of nonlinearity. Customarily, the 
criteria for both the yielding and the ultimate states are assumed to be similar 
in form, different only by a multiplication factor. This is based on the 
assumption of isotropic hardening and the associated plastic flow rules. 
Unfortunately, concrete does not meet the rigorous requirement of plastic theory, 
particularly in tension. It seems that any refined yield theory based on the 
experimental results of ultimate state would not necessarily provide proper 
representation for concrete behavior in the plastic state. In recent years, many 
concrete material models have been presented with emphasis on the compressiOn-
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compressiOn stress state, which considerable less attention has been given to the 
tension-tension and tension-compression stress regions. Some of these models 
involve very complicated functions and are difficult to use, especially for cyclic 
loading [9], [84]. In fact, very few problems involving cyclic loading have been 
successfully solved. 
For panel type structures, experimental studies have shown that the 
cracking of concrete governs the basic structure response [17], [59]. The stress 
states in concrete are mostly under biaxial tension or tension-compression, while 
biaxial compression occurs only rarely. The testing of reinforced concrete panels 
under cyclic in-plane loading showed that the opening and closing of concrete 
cracks played a major role in the hysteretic behavior. These findings indicate 
that more attention needs to be given to the tensile cracking of the concrete, 
and that sophisticated refinements of the yield criterion m the biaxial 
compressiOn regwn do not materially improve the model. It is for this reason 
that a simple modified Mohr-Coulomb yield-failure criterion is suggested here, 
with emphasis on the softening effect due to cracking and/or crushing. 
The Mohr-Coulomb yield criterion can be expressed as 
r = c - u tan¢ 
where c and q) are material constants representing the cohesion and angle of 
internal friction, respectively. Since the yield surface must be independent of 
the coordinate systems chosen, it is commonly expressed in term of invariants, 
1 7r 4 7r 
-11 Sin¢+ 4 Sin(O + -) + - Co.~ (0 +-)Sin¢ -c Cos¢ = 0 3 3 J3 3 
where 11 IS the first invariant of the stress tensor, J2 is the invariant of the 
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stress deviator tensor, and (} IS the angle of similarity. 
After initial yielding, the subsequent yield surfaces are obtained by 
applying the isotropic hardening rule, until the failure surface is reached. The 
hardening parameters are determined by the equivalent uniaxial stress-strain 
relationship. The tensile portion of the equivalent stress-strain curve is assumed 
to have the same shape as the compression part, but the material behavior is 
either linearly-elastic-fracture or elastic-plastic-fracture, depending on the tensile 
strength. 
Crushing of Concrete 
If the failure occurs m the compression-compression regwn, the concrete is 
assumed to be crushed and its stiffness is lost completely. The stiffness thus 
lost is not regained by unloading. 
The concrete compressive stress-strain curve depends greatly on the strain 
rate, especially for the portion after the maximum stress is reached [70]. In 
this study, a straight line is used to represent the post-peak portion and its 
slope is determined by the stress and strain at the ultimate state (Fig. 3.3). 
The ultimate compressive strain of concrete varies from 0.003 to as high as 
0.008 [83]. The rate of stress release after crushing follows the descending 
slope. The stiffness of the material on the descending portion of stress-strain 
curve is taken to be zero to prevent numerical difficulty. 
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3.5 Treatment of Cracking in Finite Element Analysis 
Due to the relatively low tensile strength of concrete, its cracking poses 
special difficulties in the modeling. Three different approaches have been used 
m finite element models. 
1. Discrete cracking model. Ngo and Scordelis were the pwneers m usmg 
the discrete cracking model in finite element analysis [60]. In this model, cracks 
are pre-defined by the finite element mesh. Two nodal points are assigned to 
the same position at each permissible crack location. The separation of these 
two nodes represent the opening of the crack. Special linkage (spring) elements 
may be used to connect these opposing cracking nodes to simulate the effect of 
aggregate interlock, bound stress or dowel action. The major difficulty of the 
discrete cracking model lies in the pre-selection of the location, direction and 
propagation of the cracks. For certain problems dominated by a small number 
of major cracks, or where the dowel force is important, the discrete cracking 
model can produce realistic results. 
2. Smeared cracking model. In this model, a crack IS assumed to be 
smeared over the entire finite element in which it occurs. The displacement 
formulation of finite element method will not be violated and the crack can be 
generated automatically without the tedious redefinition of the finite element 
topology. This is the most widely used cracking model and is adopted in this 
study. 
3. Fracture mechanics approach. The theory of fracture mechanics IS an 
attractive approach for cracking problems and JS being studied by many 
researchers [73]. Jvluch research has been done m the determination of fracture 
toughness and energy release rate of concrete. The fracture mechanics theory 
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can be used together with either the discrete cracking model or the smeared 
cracking model. Recently, Rots et al. [69] presented a study on the smeared 
cracking and fracture localization in concrete. Although fracture mechanics 
provides a more rational approach for stress concentration at crack tips, crack 
width, bond and dowel action of reinforced concrete; yet, the sensitivity of the 
experimentally determined factors, such as fracture toughness and energy release 
rate, needs to be resolved. 
3.6 Cracking of Concrete 
The smeared cracking model 1s used for the simulation of cracked concrete. 
Cracking failure may occur under either tension-compression or biaxial tension 
state of stresses and may be of either shear sliding or tensile cracking mode, 
depending on the relative concrete strength in tension and shear. In the shear 
sliding mode of failure, two sliding surfaces can develop at the same time. If 
tensile strength governs, cracking is determined by the maximum principal stress 
criterion. The normal stress across the crack is released completely, but part of 
the shear resistance is retained on account of aggregate interlocking. The 
material becomes anisotropic after cracking. The stiffness normal to the crack 
is assumed to be totally lost, while the shear stiffness along the crack is 
reduced, which effect can be represented by means of a shear stiffness retaining 
factor. The stiffness in the direction parallel to the crack is also reduced. The 
Poisson effect in the cracked concrete is neglected due to lack of interaction 
between orthogonal directions after cracking. 
The incremental stress-strain relationship of cracked concrete (Fig. 3.5) can 
be expressed as: 
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m which E= Young's modulus of uncracked concrete, G= shear modulus of 
uncracked concrete, dcr , dcr , dcr = incremental stresses in global coordinates, 
XX yy xy 
dExx' dEYY' d1xy = incremental strains in global coordinates, c = CosO, s = SinO, 
(;I = rotation angle between local and global coordinates, f3 = shear modulus 
retaining factor, and ~~: = stiffness softening factor in the direction parallel to 
the crack. 
Effect of Shear Modulus Retaining Factor 
The shear modulus retaining factor, (3, is needed to simulate the behavior 
of cracked concrete. If this factor is ignored (or assumed to be zero), concrete 
will become a uniaxial element after cracking. If a second crack should develop 
in the same element, it will be restrained to be perpendicular to the first crack. 
This is not in agreement with most experimental results. Jt may also lead to a 
large discrepancy under cyclic loading. 
The shear retaining factor f3 also suppresses the numerical singularity 
problem that results when all the elements surrounding a particular node have 
cracked m the same direction. Without a non-zero f3 factor, such a node would 
be free to move normal to the crack direction because the resulting extensional 
and shear deformations do not provide any restraint. The particular value 
chosen for f3 does not appear to be critical [33] [50], but values greater than 
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zero are necessary to prevent numerical difficulties. 
The magnitude of {3 depends on many factors such as aggregate size, 
reinforcing bar size, crack type, loading type and steel ratio. But even a very 
small value of {3 results m a significant improvement in the prediction of crack 
pattern. This IS especially true m the determination of the direction of the 
second crack. 
Values of {3 as high as 0.8 have been reported [18], but unless 
experimental calibration has been made, a smaller value should be used. In a 
recent study by Rots et al [69], {3 was found to be dependent on type of crack, 
with suggested values of 0.001 for direct tensile cracks and 0.2 for mixed type 
of cracking. In the study reported herein, {3 is set at 0.1. 
Effect of Stiffness Softening Factor 
The cracking of concrete not only causes the total loss of stiffness in the 
direction normal to the crack, but also causes a significant reduction parallel to 
the crack [81]. The stiffness softening factor "' represents this effect. Although 
complete loss of stiffness across the crack and partial loss of shear stiffness 
along the crack represent part of the softening effect, a reduction of stiffness in 
I 
the direction parallel to the crack 1s also necessary to model the material 
behavior. If the cracks are closed, although its incremental stress-strain 
relationship is assumed to have the same form as the uncracked concrete, its 
stiffness should be reduced to account for the damage caused by the crack. 
Again, "' factor is used to represent this stiffness reduction. In this study, the 
"' value is assumed to be 0.85 for single crack and 0. 70 for double cracks. 
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3.7 Softening Response Under Tension 
Evans et al. [27] tested concrete specimens m tension with a parallel steel 
frame to avoid the unstable failure occurrmg at peak load due to the sudden 
release of stored energy. The test results clearly showed the existence of a long 
descending branch of the stress strain curve after the peak point. Recently, 
Gopalaratnam and Shah [31] further studied the softening response of plain 
concrete under direct tension. They also studied the unloading and reloading 
response in the post-peak region. Their results also show a long descending 
portion after the peak tensile stress. 
In the past, concrete behavior m tension was often assumed to be linearly 
elastic followed by sudden brittle failure. This strength-based criterion not only 
violates the real stress-strain relationship of concrete, but also renders the 
solution to be highly sensitive to the finite element mesh selected. The 
strength-based criterion can be improved by the inclusion of a descending branch 
in the stress-strain diagram, reflecting gradual fracture energy release upon 
cracking. 
The cracking in concrete always occurs at the same time as bond failure, 
when relative movement between the concrete and the bars takes place. The 
concrete attached to the bars between two cracks may contribute somewhat to 
the global stiffness; an effect known as tension stiffening. The tension stiffening 
effect may be significant m certain cases. Although a perfect bond is implicitly 
assumed between nodes or between element boundaries, the tension stiffening 
effect can be taken into account by assuming the loss of tensile strength of 
concrete to occur gradually. 
Kulicki and Kostem [48] suggested a straight line stress-strain relationship 
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for the post-peak descending portion and stated that the exact shape of the 
descending branch was far less important than the recognition of a surprisingly 
long downward sloping leg. Lin and Scordelis [50] used a cubic polynomial for 
this descending portion. Halvorsen [10], [32] made a study of a family of 
similar models and stated that good results could be obtained by reducing the 
concrete tensile strength by 45% and assummg a descending leg with an 
ultimate strain of 0.0007. The reason for the reduced tensile strength is to 
account for the effect of microcracks. His study indicated that no significant 
improvement was achieved by using a curved descending branch instead of a 
linear one. 
In this study the tension stress-strain curve shown in Fig. 3.3 is used. A 
straight line is assumed for post-peak branch. In order to avoid numerical 
difficulties in solving the stiffness equation, zero stiffness is assumed for the 
post-peak portion. The rate of stress release follows the descending line which 
is defined by the peak point and the ultimate strain. The ultimate strain is 
taken as between 0.0005 to 0.0007. 
3. 8 Cyclic Loading Behavior 
The complexity of reinforced concrete behavior under cyclic loading makes 
it extremely difficult to develop a generally valid model which includes all the 
necessary parameters. From the experimental study of panel type reinforced 
concrete structures, it has been found that the opening and closing of the cracks 
play a very important role under cyclic load. It is believed that if one could 
capture the behavior of cracking during loading, unloading and reloading, the 
basic response of reinforced concrete panel under cyclic load can be properly 
simulated. 
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Eight different states at an integration point of the concrete element are 
shown in Fig. 3.6, representing different stages of deterioration. At most two 
cracks are allowed at an integration point. Once a crack occurred, its 
orientation 1s registered and checked at each subsequent iteration step to 
determine its status. The crack will be assumed to remam open if the normal 
strain across the crack ts positive, and closed if the normal strain across the 
crack become negative. After the crack is closed, the incremental stiffness 
matrix will have the same form as the uncracked one; except that all terms are 
reduced according to the stiffness softening factor "'· 
3.9 Numerical Solution Technique 
A piecewise linear procedure is adopted to solve the nonlinear stiffness 
equations. Since concrete material properties may change drastically due to 
plastification, crushing or cracking, a tangent stiffness method 1s used. The 
iterations are performed for each loading increment until it meets the 
convergence criteria. Two convergence criteria are checked for each iteration. 
The first one lS a local convergence criterion which is achieved when the 
maxtmum nodal residual force is smaller than a pre-specified value. The other 
one is a global convergence criterion which can be expressed as: 
(L (R;)2)o.5 
(L ~)0.5 < Pre-specified Ratio 
That is, the convergence IS assumed to be achieved if the norm of the residual 
forces after the r-th iteration, (L (R;) 2) 0·5, become less than a preselected 
fraction of the norm of the total applied forces, (L ~)0 · 5 . 
It IS generally impossible to predict the cracking of concrete and the 
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starting of unstable behavior. Consequently, the load increment to be used in 
the finite element analysis can not be pre-selected. A restart strategy in the 
computer program is usually necessary. At any instant, the converged results of 
the last loading step are saved in temporary storage. If the solution does not 
converge within the permitted number of iterations, the information on the last 
iteration step is also kept. These intermediate data can be accessed and the 
execution can be restarted easily. 
comes to cyclic loading analysis. 
This becomes extremely handy when one 
In the solution of these piecewise linear equations, a band matrix solution 
technique is used. Although the column solver may be more efficient, for the 
rectangular mesh pattern used in all the analyses, the band solver has an easier 
coding and does not possess too many zero terms within the band. The 
algorithm for the computer program is shown in Appendix. 
8.10 Examples 
The analytical model developed in this study was verified by comparmg 
with the results of experimental studies. The companson included both 
monotonic incremental load and cyclic load. Two shear walls tested by 
Cervenka and Gerstle [14] (Fig. 3.7) were used to verify the nonlinear analytical 
model of reinforced concrete panels under in-plane loading. 
Example 1, Monotonic Loading 
As a first test of the proposed model, the shear wall W-2 tested by 
Cervenka and Gerstle [14] was selected. Cervenka's shear wall tests have been 
widely used as a standard example for checking nonlinear finite element 
programs of reinforced concrete structures. 
The finite element mesh was chosen to be the same as the reinforcing bar 
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pattern. It was believed that this mesh represented the real structure 
adequately, and further refinement was unnecessary. The load increments after 
the first cracking load were kept below 8.9 kN (2 kips) in order to prevent any 
overstress. The maximum allowable unbalanced nodal force was chosen to be 
1.3 kN (300 lbs) and the maximum unbalance force norm was 3 %. The 
results usmg three different stress-strain relationships are shown m Fig. 3.8. 
Curve A was based on an abrupt release of stress when the concrete 
compressive stress reached the peak value. Understandably, due to the sudden 
stress release, the structure was unable to regain its stability and showed a 
sudden failure. Coincidently, this situation was also observed in the test by the 
nearly horizontal line on the load-displacement diagram. The sudden failure 
could be attributed to the nature of hydraulic jack used m the test, which 
became difficult to control after a major crush or crack formed in the specimen. 
The stress-strain curve for curve B followed the results of a cylinder test which 
had a post-peak descending slope of 4480 MPa (650 ksi). A smaller slope of 
3130 MPa (454 ksi) was used for curve C. Comparison of these results shows 
that there is almost no difference between curves B and C. 
The experimental ultimate load for this shear wall was reported to be 118 
kN (26.5 kips) [14], The three analyses yield solutions of Ill kN (25 kips), 125 
kN (28.0 kips) and 127 kN (28.5 kips), respectively. These are within 8% of 
the experimental result. 
The curves in Fig. 3.8 can also be viewed as reflecting to some extent the 
characteristic of the test setup. Curve A, based on a very steep slope can be 
used to represent a test using hydraulic jacks, which are basically load oriented. 
On the other hand, curve C, based on a very long-tail descending branch can be 
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used to represent a test usmg mechanical jacks, which are displacement 
controlled. Of course, a steep slope always leads to a lower bound value as far 
as the ultimate load capacity is concerned. 
Example 2, Cyclic Loading 
The shear wall W-4 studied by Cervenka [14] was selected to test the 
proposed model for cyclic loading. The specimen was first tested for two 
complete elastic cycles at peak load of 53 kN (12 kips). At this load level, 
cracks occurred along the center rib, but the reinforcing bars remained linearly 
elastic. Fig. 3.9 shows the analytical and experimental results. For the first 
cycle, the analytical model simulated the experimental results very closely, up to 
the peak load. In the unloading portion, the analytical solution yielded a 
considerably lower residual displacement than the experimental result. This can 
be explained since in the analytical model no bond slip was taken into account 
and the crack was assumed to be completely healed upon closing. The relative 
small displacement in this load level also magnified the effect of bond slip and 
irregularity of the crack surface in the experimental study. By comparing the 
test results m the first and second cycles, it is concluded that the hysteresis due 
to cracking is significant only for the first cycle. In subsequent cycles under the 
same load level, this effect will decrease gradually. If more cycles were done, 
the structure would eventually become linearly elastic with the cracks built in. 
This tendency can be found also by comparing the analytical results of the first 
and second cycles. One can also notice that the maximum displacements were 
very close between analytical and experimental studies. 
The third cycle was a plastic cycle and the load went into the plastic 
range with a peak of 102 kN (23 kips). In the plastic cycling, the reinforcing 
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bars reached their yielding stress and parts of the concrete were crushed. The 
analytical and experimental results for the third cycle are shown in Fig. 3.9. 
Again, very good agreement is noted between the analytical and experimental 
results. This indicates that the assumptions for opening, closing and re-opening 
of cracks (Fig. 3.6) are suitable for the cyclic loading behavior. 
3.11 Conclusions 
On the basis of the results presented m this study, the following 
conclusion are drawn: 
1. Despite its simplicity, the proposed model for reinforced concrete based on 
a modified Mohr-Coulomb criterion agrees very well with the experimental 
results. 
2. The softening· effect for tensile cracking and compressive crushing of 
concrete is very important for overall structure response. It IS suggested 
that straight descending lines be used for both post-cracking and post-
crushing ranges of the stress-strain curve. 
3. The opemng and closing of concrete cracks are adequately simulated by 
the use of eight different states to represent concrete for the entire loading 
history. 
This analytical model IS developed specifically for the reinforced concrete 
panels under in-plane loads, when the cracking of concrete plays a maJor role in 
the overall structural response. This model can be applied to other two 
dimensional plane stress type reinforced concrete structures. However, if the 
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compressive plastification of concrete governs the structure behavior, a more 
sophisticated material model for concrete under compressiOn may be necessary. 
61 
~~: Vt>·oo 3 
*" c *) 11 Sky ~k_~~~---------
: I ~~_z: ~::::=~/t~; 
~ .t:; A -11 ,g.: ZJ./.rJ'ec/a:?!:i.1m ;/r:r,t?A. 0 1£.. 11J\ £l1.J\ tla-6· 
-M~fl~: 
. ;"- -\, 
I ·' 
.. -- ........ - ........ -..... -----········· ....... ---------·-··· .. '- ) __ ------... ---· ... --------·--·--. --·.' ···----,----··-···--·-···-
/£1103-13 ,..-/. 
Chapter 4 
Analysis of In-Plane Behavior of Floor 
Slabs 
4.1 General Description of Analytical Procedures 
The finite element model presented in Chapter 3 is used as a basic tool to 
study the in-plane behavior of floor slabs. Emphasis is placed on the post-linear 
elastic behavior. The stiffness degradation of floor slabs under cyclic load is 
also included. The analytical model has been checked with the shear wall 
structures tested by Cervenka and Gerstle [14] and good agreement has been 
found. However, it should be pointed out that the shear wall specimens were 
small scale structures with simply supported boundary conditions, while the floor 
slabs described in Chapter 2 are large-scale specimens with fixed boundary 
conditions. 
In the analysis of the floor slabs, only the individual panel under testing is 
analyzed. The extension of the side panel beyond the load line is ignored. The 
repaired side panel in the middle panel test is also ignored in the analysis. The 
removal of these parts has only minimal effect on the behavior of the slab panel 
under test because they only disregard the effect of the self-equilibrated stresses 
acting on the panel section along the loaded edge of the testing panel. Also, the 
testing had shown that the panel behavior was dominated by cracks which were 
concentrated near the fixed shear wall. Therefore, the extension parts can be 
safely neglected without any significant effect on the overall deflection 
characteristics of the panel. 
The load increments and the convergence criteria have been found to exert 
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a significant influence on the nonlinear finite element analysis. After the onset 
of the cracking, the load increments are limited to values smaller than 5% of 
the estimated ultimate strength of the panel. As the load approaches the 
ultimate value, nonlinear behavior becomes much more prominent and the 
loading increments are further reduced to between 1% and 3% of the ultimate 
strength. The global convergence criterion is set at 3% for most cases and the 
largest unbalanced nodal force is limited to 3% of the ultimate load. The 
structure is assumed to reach its ultimate state when the norm of the residual 
forces is greater than that of the total applied forces and the convergency is not 
achieved within the pre-specified number of iterations. 
The floor slabs under in-plane monotonic load is studied in Section 4.2. In 
Section 4.3, the floor slabs under cyclic load are examined. Presented m Section 
4.4 are parameteric studies aimed at exammmg the effect of some important 
parameters which are not covered m the experimental programs. Preliminary 
conclusions that are solely based on analytical studies of this chapter are 
presented in Section 4.5. 
4.2 Floor Slabs Under Monotonic Load 
FHIMN 
The side panel of flat plate spectmen was selected as the first example for 
analytical study. The finite element mesh IS shown in Fig. 4.1. This mesh 
divides the longitudinal span of the panel into eight segments of 203 mm (8 in.) 
and the transverse span into twelve segments also of 203 mm. The concrete is 
represented by 20:3 mm (8 in.) square plane stress elements and the reinforcing 
bars are represented by 203 mm long truss elements. The truss elements are 
located on the boundaries of the plane stress elements only, and hence share the 
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same nodal points with the plane stress elements. 
Fig. 4.2 shows the load-deflection curve of FH1MN from the finite element 
analysis. The initial cracking is found to occur at 80 kN (18 kips), but due to 
the gradual unloading represented by the descending portion in the assumed 
tensile stress-strain curve of concrete, the structure does not immediately show 
significant plastic behavior. Prominent nonlinear behavior is delayed until the 
load reached 107 kN (24 kips). Yielding of the reinforcing bar occurs at 116 
kN (26 kips). The ultimate load is reached at 169 kN (38 kips), at an 
ultimate deflection of 2.85 mm. The initial stiffness is 333 kN/mm. 
FH1MN was the first specimen tested in the series of experimental 
program, and some difficulties were encountered in the calibration of the load 
cell. Also, in the measurement of displacements during this test, the rotation of 
the shear wall was not determined. The ultimate load from the load cell 
reading was 109 kN (24.5 kips). However, the repaired panel showed an 
ultimate load of 160 kN (36 kips). For several reasons, the low recorded 
strength of the original panel was believed to be in error. From the panel tests 
conducted later on, the epoxy repair was found to approximately restore the 
original strength of a damaged panel, but never to exceed it. The panel FH2CY 
had an ultimate load of 158 kN (35.5 kips). Comparison of test results from 
panels FH3CY and FH3MN showed that cyclic loading on the middle panel 
caused a 15% reduction of strength. If the same reduction also holds for the 
side panels, one can predict the ultimate strength of FHIMN at 158 kN/0.85 or 
187 kN (42 kips). The real value of the ultimate strength of FH1MN IS 
believed to be between 158 kN and 187 kN, as compared to 169 kN from the 
analytical studies. 
64 
FH3MN 
FH3MN IS the middle panel tested under monotonic shear load applied 
along the column line of the side panel. The moment arm is 3,260 mm (128 
in.) which is double that of panel FH1MN. In the analysis, only the middle 
panel is considered, using the same finite element mesh as for FH1MN. The 
difference in the moment arm is represented by an additional couple. Fig. 4.2 
shows the load-deflection curve of FH3MN. The cracking of concrete initiates at 
45 kN (10 kips), while the yielding of reinforcing bars occurs at 58 kN (13 
kips). After the yielding of reinforcing bars, the panel shows a gradually 
decreasing stiffness. The cracking of concrete and yielding of steel spread out 
further into the specimen upon further increase of the load. The ultimate state 
is reached at a load level of 78 kN (17.5 kips), and deflection of 1.11 mm. The 
ultimate load from experimental study was 83 kN (18.6 kips). It is noted that 
no measurement was made on the rotation of the shear wall during the test, so 
direct comparison of load-deflection curve with experimental result is not 
possible. 
FH5MN 
FH5MN 1s the flat plate middle panel with a modified reinforcement 
design. It was cast and tested with the waffle slab series (specimen W2). The 
maJor change in the reinforcement design was the extension of negative 
reinforcing bars from 406 mm (16 in.) to 457 mm (18 in.) (Section 2.4). Fig. 
4.3 shows the load-deflect.ion relationship of FH5MN from both analytical and 
experimental studies. The experimental curve shows a much softer response. The 
micro shrinkage cracks observed in the specimen are believed to be responsible 
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for this softening effect. The analytical study shows a cracking load at 40 kN 
(9.0 kips). The analytical ultimate load is 85 kN (19 kips) in comparison with 
77 kN (17.2 kips) from the experiment. It is interesting to note that FH3MN 
had an experimental ultimate load of 83 kN (18.6 kips). Apparently, the 
extension of negative reinforcing bars, from 406 mm to 457 mm, was not 
sufficient to influence the ultimate strength. 
BH2MN 
The finite element mesh selected for slab supported on beams is a little 
different from that of flat plate. Since only the in-plane behavior is considered, 
the supporting beams are also modeled by two-dimensional plane-stress elements. 
This is accomplished by adjusting the transverse dimensions of the finite element 
grid as shown in Fig. 4.4. 
relationships of BH2MN. 
Fig. 4.5 and 4.6 show the load-deflection 
In the analysis, cracking of the floor slab starts at 49 kN (11 kips) at the 
corner of the slab near the shear wall. This crack does propagate far into the 
floor slab and no noticeable nonlinearity appears in the load-deflection curve. 
When the load is further increased to 76 kN (17 kips), the propagation of the 
initial crack combines with the yielding of reinforcing steel at the edge of the 
slab to cause the sudden increase of the deflection in the load-deflection curve. 
Afterwards, the floor slab shows increasingly lower stiffness. When the load 
reaches 111 kN (25 kips), the cracking of the concrete and yielding of steel have 
both become widespread, and the displacement increases considerably. Although 
the specimen again regains its stability and is able to sustain a small additional 
increase of load, the ultimate capacity is reached at a load of 116 kN (26 kips). 
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It should be noted that the experimental study resulted in an ultimate load of 
120 kN (27 kips), which agreed well with the analytical result. 
From Fig. 4.5 it is seen that the analytical solution gives a much higher 
initial stiffness as compared with experimental curve. It IS believed that the 
micro cracks induced by the shrinkage and transportation of specimen were 
responsible for the lower experimental initial stiffness. Another computer 
analysis has been made to test this conjecture. This is done by unloading the 
specimen after some cracks have been produced and then reloading. The result 
is shown in Fig.4.6. Comparing Figs.4.5 and 4.6, one can conclude that the 
finite element model gives very good agreement with experimental study for the 
ultimate strength and displacement. However, the finite element model gives a 
upper bound for the initial stiffness. A precrack procedure in the finite element 
analysis can compensate part of the effect of initial micro cracks and gives 
better agreement with that of experimental results. 
BH3MN 
BH3MN IS the middle panel tested with a shear span of 3,260 mm (128 
in.), and in the analytical study only the test panel itself is modeled. This is 
done by replacing the shear load along the column line of the side panel with a 
equivalent shear load and a couple acting along the supporting shear wall 
between the side and middle panels. The mesh selected for BH3MN is identical 
to that of BH2MN. Fig. 4.7 shows the load-deflection curves of BH3MN from 
the analytical and experimental studies. The first cracking load is 31 kN (7 
kips). The crack propagates inward the floor slab and causes a Jump m 
deflection at 38 kN (8.5 kips). The first yielding of reinforcing bars occurs at 40 
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kN (9 kips). Studying the load-deflection curves in Fig. 4.7, it is found that the 
analytical initial stiffness is much greater than the experimental value. After 
some initial cracking, the structure behaves linearly like a pre-cracked specimen. 
The stiffness of a pre-cracked panel, based on the finite element analysis, is 
nearly the same as that determined experimentally. It is reasoned that the 
micro cracks due to shrinkage and transportation cause the specimen to behave 
like a pre-cracked one. The linear behavior persists until the load reaches 49 kN 
-(11 kips) when cracking and steel yielding combine to cause a larger increase in 
displacement. The ultimate loads from the uncracked and pre-cracked analyses 
are 56 kN (12.5 kips) and 55 kN (12.25 kips), respectively. In comparison, the 
experimental study gave a yield load of 40 kN (9 kips) and an ultimate load of 
57 kN (12.8 kips). 
WHlMN 
Waffle slab presents special difficulties in the modeling of its in-plane 
behavior. Strictly speaking, a three dimensional model would be necessary to 
properly represent the eccentric effect of the rib system. In the experimental 
study, the in-plane load was carefully placed in order to minimize the out-of-
plane effect. To simplify the problem for analysis, an equivalent flat plate is 
selected to model the waffle slab, by smearing all the ribs, resulting in a 25 
mm ( 1 in.) equivalent thickness. The area of this equivalent section is 62,000 
mm2 (96 in. 2 ) and the moment of inertia about the centroid a) axis is 0.0307 m4 
(73,730 in. 4 ). In comparison, the actual waffle slab specimen has a cross 
sectional area of 62,000 mm2 (96 in2.) and a moment of inertia of 0.0306 m4 
(73,410 in. 4). In order to examine the applicability of this equivalent thickness 
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approach, the initial stiffness of a waffle slab panel under in-plane load IS 
determined and compared with the experimental result as well as that from a 
three-dimensional finite element model using SAP IV [7]. This three-dimensional 
analysis gives an initial stiffness of 199 MN/m, while the equivalent thickness 
approach results in 178 MN/m, compared with an experimental value of 165 
MNjm. These findings support the practical validity of the equivalent thickness 
approach. The finite element mesh is selected to conform to the waffle domes 
(Fig. 4.8). Fig. 4.9 shows the load-deflection curves of WH1MN from both the 
analyses and experiment. Again, the analyses show higher stiffnesses. The 
cracking of concrete is observed at 40 kN (9 kips), and the yielding of 
reinforcing bars commences at 71 kN (16 kips) in the analysis. The yield load 
m the test was detected at 71 kN. The nonlinear behavior becomes prominent 
at 89 kN (20 kips). After this load, the stiffness deteriorates rapidly and the 
ultimate state is reached at a load of 102 kN (23 kips) and deflection of 7.3 
mm. The ultimate load and deflection from testing were 98 kN (22.12 kips) and 
6.8 mm, respectively. A precrack analysis is again conducted, the resulting load-
deflection curve also shown in Fig. 4.9. In general, the comparison between 
experimental and analytical results is judged to be very good. 
WH3MN 
WH3MN was the middle panel tested with a shear span of 3,260 mm (128 
in.) The finite element mesh selected for WH3MN is identical to that of 
WH1MN. Fig. 4.10 shows the load-deflection curves for WH3MN from the 
analytical and experimental studies. In comparison with the experimental study, 
the analytical study shows a much higher initial stiffness. Again, the residual 
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stresses and micro cracks due to shrinkage and transportation of the specimen 
are believed to be responsible for the softer behavior of the specimen. In the 
analysis cracking is initiated at 22 kN (5 kips), and the yielding of steel starts 
at 38 kN (8.5 kips). In contrast, the yielding of reinforcing bars was observed 
experimentally at 36 kN (8.0 kips). After the yielding of steel, the analytical 
study shows a gradual decrease of stiffness. The specimen reaches its ultimate 
capacity at 48 kN (10.75 kips) and the corresponding deflection IS 4.5 mm 
(0.176 in.). The ultimate load from testing was 55 kN (12.47 kips). 
Summary of the Ultimate Loads and Deflections 
Table 4.1 lists the available ultimate loads and deflections from both the 
experimental and analytical studies. The ratios of ultimate load from 
experimental to that from analytical range from 1.16 to 0.90. The ultimate 
deflections from analytical studies of BH2MN, BH3MN and WH1MN are very 
close to that from experiments, with ratios between 1.11 and 0.94. However, for 
FH5MN and WH3MN, the experimental ultimate deflection are considerably 
larger than the analytical value. The exact reason for these differences is not 
known. These two test specimens also showed very small initial stiffness as 
compared with the linear finite element program, about one third of that from 
SAP IV. It is suspected that there might have some calibration problems on the 
displacement measurement during the experimental work. The ultimate loads 
and deflections calculated by the beam method (to be discussed in Chapter 5) 
are also listed in Table 4.1. 
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4.3 Floor Slabs Under Cyclic In-Plane Load 
In the experimental studies, the loading spectrum began with several cycles 
below the calculated cracking load. That is, the loading spectrum started with 
elastic cycling. From the test result, it was found that even at the low load 
level, the structural hysteretic effect was already noticeable. The residual 
stresses and initial micro cracks due to shrinkage in the concrete are believed to 
be responsible. Another source of the hysteretic behavior in the early stages may 
be the material deterioration upon the repetitive applications of load. Since none 
of these factors are included in the finite element model, the analyses can not 
simulate the hysteretic behavior at the low load levels. Furthermore, the 
experimental studies included more than twenty cycles of loading. The concrete 
material properties and cracking behavior under large number of repeated 
excursions would be quite different from those experiencing small number of load 
repetitions. To the author's knowledge, no finite element model has successfully 
simulated the behavior of reinforced concrete structural specimens for more than 
five cycles. In the analytical studies reported here, attention is focussed on the 
general trend of hysteretical behavior rather than the representation of 
experimental results cycle by cycle. The analysis is carried through only a small 
number of cycles. 
FH2CY 
This 1s a flat plate side panel tested under cyclic in-plane load. The finite 
element mesh used in the study of FH2CY is the same as that of FHIMN. As 
the material characteristics model (Chapter 3) does not include the effects of 
micro crack due to shrinkage or creep, nor the material deterioration due to low 
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cyclic load, no hysteretic behavior can develop under load cycles below the 
cracking level. Therefore, the amplitude of the first load cycle in the analysis is 
chosen to be equal to or greater than the cracking load. 
The analysis of panel FH2CY IS carried through three complete cycles, 
with peak load values at ± 107 kN, ± 125 kN, and +134 kN, -125 kN (± 24 
kips, ± 28 kips, and +30 kips, -28 kips), respectively. The last cycle is 
unsymmetrical in load, but symmetrical in terms of deflection. Fig. 4.11 shows 
the resulted hysteresis loops. As the first peak load is between the cracking load 
(80 kN, 18 kips) and the yield load (116 kN, 26 kips), the nonlinear 
displacement is caused by the opening of cracks. Yielding of reinforcing bars 
contributes to the non-linearity in the second cycle. It is interesting to note that 
displacement increases at the begining of unloading from the peak negative load. 
This is caused by the stress-release from cracks formed just before unloading. 
FH3CY 
FH3CY was the middle panel of flat plate speCimen tested under cyclic 
load with a shear span of 3,260 mm (128 in.). The analysis of panel FH3CY is 
carried through three complete cycles. The hysteresis loops from analytical 
studies are shown m Fig. 4.12 together with partial results from the 
experimental study. The complete experimental hysteresis loops are shown in 
Fig. 2.7a. The peak loads of first cycle are +62 kN (14 kips) and -58 kN (13 
kips), which produce some nonlinear behavior. The second load cycle has peak 
loads of ± 67 kN (15 kips). From Fig. 4.1 2, the stiffness degrades rapidly in 
the second cycle. In the third cycle, with peak loads of ± 71 kN (16 kips), the 
stiffness degrades even much more rapidly. 
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BHlCY 
This was a side panel tested under in-plane cyclic load. Four complete 
cycles have been studied. The hysteresis loops are shown in Fip. 4.13, together 
with those from experimental studies. The first two cycles have peak loads of 
± 76 kN (17 kips). The hysteresis loops of these two cycles seem to diverge 
greatly from the experimental ones. The third cycle has peak loads of 85 kN 
(19 kips) and -76 kN (-17 kips) in the opposite directions. Large nonlinear effect 
can be seen in the third cycle. The fourth cycle has positive and negative peak 
load of 85 kN and -80 kN (-18 kips), respectively. It seems that the fourth 
cycle has better agreement with the test results. After three complete loading 
cycles, the specimen has been cracked in both directions. Upon the application 
of the fourth cycle with a small load increment, the specimen behaves like a 
slab precracked from both sides and the stiffness is reduced greatly. 
BH3CY 
This was the middle panel of slab supported on beams tested under cyclic 
in-plane load with a moment arm of 3,260 mm (128 in.). Only the middle panel 
itself is analyzed with a finite element mesh as showed in Fig. 4.4. Three 
complete cycles are studied in the analytical program. Fig. 4.14 shows the 
hysteresis loops from both the experimental and analytical studies. The first 
and second cycles have peak loads of ± 40 kN (9.0 kips). This is selected to 
simulate the effect of the pre-cracking due to smaller load cycles, so that the 
second cycle can g1ve a better representation when compared with the 
experimental study with many small load cycles. The third cycle has peak loads 
of 45 kN (10 kips) and -40 kN. Comparing the second and the third cycle, the 
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deteriation of stiffness due to cyclic load IS quite evident. 
WH2CY 
The discretization of finite element mesh is the same as that of WH1MN, 
and the equivalent thickness approach for WH1MN described in Section 4.2 is 
also applied. Four complete cycles of WH2CY are studied. The hysteretic loop 
is shown in Fig. 4.15a, together with the experimental results from the first of 
each of the three cycle groups. 
Fig. 4.15b shows the comparison of analytical and experimental hysteresis 
curves m a larger displacement scale. The first two analytical cycles have peak 
loads of ± 71 kN (16 kips). The third and fourth cycles have peak loads of ± 
86 kN (19.3 kips) and ± 93 kN (21 kips), respectively. The large displacement 
increment at peak load of the third cycle is due to the rapid propagation of 
cracking in concrete and yielding in steel. It should be noted that the envelope 
from analytical results agrees very well with that from the experiments, 
although the loading spectra are quite different. 
WH3CY 
This represents the middle panel of the waffle slab specimen subjected to 
in-plane cyclic load. Since the experimental program did not include such a 
test panel, the analytical study becomes especially valuable. The finite element 
mesh selected in the study is the same as for WHlMN. Five complete cycles 
are studied and the hysteresis loops are shown in Fig. 4.16. The peak loads of 
the first cycle are selected to be ± 31 kN (7 kips), which exceeds the estimated 
cracking load of 22 kN (6 kips) (from analysis of WH3MN). Minor nonlinear 
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behav_ior can be noted m this cycle. The peak loads in the second cycle are ± 
36 kN (8 kips). The second cycle shows much less nonlinearity as compared 
with the first cycle. Apparently, the increase of the peak load for the second 
cycle is not large enough to produce much inelastic behavior, and the cracks 
developed in the first cycle simply makes the specimen behaving as a pre-
cracked slab loaded m the linear elastic range. The peak loads for the 
subsequent cycles are 40 kN (9 kips) and -38 kN (-8.5 kips), 42 kN (9.5 kips) 
and -40 kN, 45 kN (10 kips) and -42 kN. The peak loads for positive and 
negative directions are not the same for the last three cycles. This is done to 
mmimize the difference of peak displacement in the opposite directions, since the 
speCimen is softer when subjected to negative loading. 
4.4 Parametric Studies 
Although the experimental studies presented m Chapter 2 and the 
analytical studies in Section 4.2 and 4.3 provide valuable informations about the 
in-plane characteristics of floor slabs, additional studies are needed to examine 
the effects of several important parameters. These included: effect of depth-to-
shear-span ratio, effect of reinforcements, and effect of loading and boundary 
conditions. 
Effect of Depth-to-Shear-Span Ratio 
. Only two depth-to-shear-span ratios, 1.5 and 0. 75, were used in the 
experimental programs. Two more ratios, 1.0 and 0.5, are examined analytically. 
The combined range of depth-to-shear-span ratio, from 0.5 to 1.5, is considered 
adequate for floor slab panels under diaphragm action. By changing the shear 
span, two new depth-to-shear-span ratios are studied for the flat plates, slabs 
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supported on beams, and waffle slabs. 
The parametric studies are also performed for square slab panels. These 
are achieved by removing the quarter-panel extensions beyond column line from 
the prevwus specimens, resulting in 1,630 mm by 1,630 mm square panels. 
Similar to the tested speCimens, the square panels are analyzed at shear spans 
of 1,630 mm and 3,260 mm. This gives a depth-to-shear-span ratio of 1.0 and 
0.5. The finite element meshes for the square panels are basically the same as 
those described in Section 4.2, except for the removal of the quarter-panel 
extensions. The load increments and the convergence criteria are identical to 
those reported in Section 4.1. The results from this parametric study together 
with the results from Section 4.2 are listed m Table 4.2. However, since the 
square slab panels have dimensions different from those of the test specimens, 
the results from these two senes of panels should not be compared directly. 
Table 4.3 shows the effect of shear span length on the ultimate-strength. 
It is seen that doubling the shear spans causes the ultimate strength of the 
floor slab panels to decrease nearly proportionally. The ratios range from 0.41 
to 0.48, with an average of 0.46. Within the range of depth-to-shear-span ratio 
studied, the flexural strength seems to govern for all three floor slab systems. 
The direct shear has only a minor effect. 
Effect of Reinforcements 
All the floor slab panels studied up to this point were designed for 
transverse (gravity) load only. This was done to examine the diaphragm 
behavior of floor slabs without any special provisions for in-plane loading. The 
effect of different reinforcement arrangements on the in-plane behavior will now 
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be examined. Two variations of the basic reinforcement arrangement are 
studied. The first involves doubling the amount of longitudinal reinforcements 
(perpendicular to the shear wall) in the column strips. The second variation 
consists of doubling the amount of longitudinal reinforcement in both the 
column and middle strips. The results of finite element analysis are listed in 
Table. 4.4. It is seen that variation 1 results in an mcrease in strength from 
14% to 48%, with an average of 26%. However, the strength mcrease between 
variations 1 and 2 are from 7% to 10%, with an average increase of only 8.5%. 
Adding steel in the column strip appears to be a more economical and efficient 
way to Improve the ultimate strength. 
Effect of Loading and Boundary Conditions 
In addition to the cantilever type supporting arrangement and the 
application of in-plane shear loading, several other loading and boundary 
conditions are also studied. These studies are carried out on waffle slab panels 
only. However, the findings are expected to be valid also for other slabs. 
Fig. 4.17 shows four different load and boundary conditions. The first one 
IS the panel WH1SQ described before, supported as a cantilever and subjected 
to an end shear. The second case IS the same cantilever waffle slab, subjected 
to a pure bending moment at the free edge. The third case represents a pure 
shear condition and the fourth case is a cantilever waffle slab with one edge 
completely fixed and the opposite edge free to slide but fixed against rotation. 
Case 4 and Case 1 represent the upper and lower bounds regarding the torsional 
rigidity of the supporting elements. The results from these studies are listed in 
Table 4.5. The strengths of the specimen are estimated by the beam analogy (to 
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be discussed in Chapter 5), with flexural strength of 58 kN-m, and 85 kN-m, 
based on the middle strip and column strip, respectively, and a shear strength 
of 160 kN. The analytical study of Case 1 yields an ultimate load of 59 kN, 
corresponding to a fixed end moment of 96 kN-m, which exceeds the estimated 
value of 85 kN by 13%. The ultimate strength of Case 2 is controlled by the 
flexural strength of middle strip. The analytical strength is 63 kN-m, as 
compared with 58 kN-m from the beam method. Since all the floor slabs have a 
weak middle strip (Table 2.13), it is suggested to check the flexural strength of 
this weak band to avoid flexural failure under uniform bending moment. Case 
3 has an analytical strength of 102 kN. The ultimate strength of Case four, 
which has rotational fixed boundary, is much higher than the other cases. The 
analysis shows an edge shear load of 162 kN, which is almost identical to the 
estimated shear strength of 160 kN from the beam method. It is found that the 
rotational fixity provides additional restraint in the direction perpendicular to 
the load. The structure is being strengthened by this restraint and the flexural 
mode of failure is suppressed; a failure mode of large shear sliding results. 
4. 5 Tentative Conclusions from Analytical Studies 
In this chapter, the in- plane characteristics of various floor slab systems 
have been studied by the finite element model proposed in Chapter 3. Findings 
from these studies are summarized as follows: 
1. The finite element model presented in this study, although relatively 
simple, IS able to simulate adequately the stiffness, strength, and 
deformability of floor slabs under in-plane load. 
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2. The finite element analysis produces an over-estimation of the initial 
stiffness of slab panels. A pre-crack procedure can be used to simulate the 
effect of micro cracks, which reduces the initial stiffness. 
3. The general behavior of floor slabs under cyclic in-plane load can be 
simulated analytically for a limited number of cycles (3-5 cycles). The 
envelope of the analytical hysteretic loops is very close to that of the 
experimental results. 
4. The flexural strength governs all the floor slab systems with depth to 
shear span ratio between 0.5 and 1.5. The shear force has only a minor 
effect as far as the in-plane strength is concerned. 
5. Doubling the longitudinal reinforcing bars in the longitudinal column strips 
of the floor slabs results in an increase of the in-plane strength by about 
25%. 
6. A different loading or boundary condition may change the failure mode 
and may affect the in-plane strength. Since the middle strips of the floor 
slab has less reinforcements, it is suggested to check the flexural strength 
of these weaker strips for slabs under uniform in-plane bending moment. 
The strong torsional rigidity of the supporting element of floor slab can 
also change the failure mode from bending to shear sliding, and thus 
increase the in-plane strength. 
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5.1 General 
Chapter 5 
Simplified Models 
As stated m Chapter 1, the rigid floor slab assumption may lead to 
significant misrepresentation of the actual structural behavior. For certain types 
of building structures, the effect of diaphragm deformation of floor slabs can not 
be neglected. However, consideration of the in-plane flexibility of floor slabs m 
the analysis of building structures make it necessary to treat the system as 
three-dimensional, thus increasing the complexity of the analysis. Even if the 
cost of computation were not of concern, a full three-dimensional inelastic 
analysis probably cannot be justified in view of the uncertainties in material 
characteristics. It is impractical to discretize all the structural elements, 
including the floor slabs, into small elements for the three-dimensional analysis. 
Instead, certain simplifications must be made. Representing the diaphragm 
behavior of floor slabs as that of beams seems to be one practical approach. In 
this chapter, a simplified model based on the beam representation is first 
demonstrated for monotonic loading. This will provide a convenient method for 
the estimation of both stiffness and strength of floor slab panels. In the second 
part of this chapter, a hysteresis rule is developed to simulate the behavior of 
floor slabs under cyclic load. This hysteresis model may serve as an important 
tool m performing three-dimensional nonlinear dynamic analyses of building 
systems. 
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5.2 Beam Approach for Monotonic Load 
For panel type structural elements under in-plane loading, a beam 
approximation, including the consideration of shear deformation, is reasonable 
and practical. Such a method has been used in studies of shear walls and floor 
slabs under in-plane loads, and has provided reasonably good results 
[14], [26], [59]. In this section, the beam approach is used to study the load-
deflection characteristics of different floor slab systems under in-plane load. 
Initial Stiffness 
The deflection of a beam can be decomposed into a flexure component and 
a shear component. The calculation of the deflection due to flexure is based on 
the conventional beam theory. The nonuniform distribution of shear strains in 
the member section makes it rather cumbersome to accurately evaluate the 
beam deflection caused by the shear force. Usually, the calculation of the 
deflection due to shear force is accomplished by applying a form factor to the 
deflection corresponding to a uniform distribution of shear strain. The form 
factor depends on the shape of the cross section, and its effect can be viewed as 
that of defining an effective shear area as a fraction of the total shear area. 
For flat plates, which have rectangular cross sections, the form factor is 1.2. 
The beam-supported floor slabs have 1-shape sections, for which the form factor 
is equal to the ratio of the total section area to the area of floor plate. In 
other words, the effective shear area is equal to the floor slab area. For the 
calculation of shear deflection of waffle slab panels, the procedure of rib 
smearing, described in Chapter 4, is used to transform the waffle slab into an 
equivalent flat plate, and the form factor for flat plate is then applied. It 
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should be noted that the form factor and effective shear area are used for shear 
deflection only, and are not used in the calculation of moment of inertia for 
flexural deflection. 
The beam model 1s first examined by the initial stiffness tests of the 
three-panel specimen described in Section 2.2. The specimen is represented by 
an equivalent simply-supported beam with two overhangs (Fig. 5.1). Under 
symmetrical loading, the support rotations and displacements can be expressed 
as: 
p L2 
0 --
' s 2 EI 
5 P L3 PL PL
2 (L 1-L) 
0 
s 6 EI + AG + EI 
For anti-symmetrical loading, the rotations and displacements are: 
PL2 2P 
0
a 6 EI + AG 
PL3 3PL 2PL2 2P 
6
a 2El + AG + ( 3El + AG) (L1-L) 
where: P = applied force, 
E = Young's modulus of the equivalent beam, 
G = shear modulus of the equivalent beam, 
I = moment of inertia of the equivalent beam, 
A = effective shear area of the equivalent beam, 
L = span length ( 1 ,630 mm), 
1 1= length including the overhang (2,030 mm). 
The calculated stiffnesses of the equivalent beam under symmetrical and anti-
symmetrical loads are tabulated in Table 2.4. Also listed in Table 2.4 are 
experimental results and those from finite element analyses by the SAP IV 
[7] program. 
The initial stiffnesses of the single slab panels are also calculated by the 
beam theory. The bending and shear deflection of the single slab panel 
subjected to edge shear load is 
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m which the deflection due to bending bb Is 
and the deflection due to shear IS 
PL 
b = 
s AG 
The calculated stiffnesses based on the beam approach are listed in Table 2.5, 
together with those from experimental studies and SAP IV analyses. Due to 
the initial cracks, the experimental stiffnesses are smaller than the analytical 
results. However, the calculated in-plane stiffnesses by beam method agree very 
well with SAP IV analyses. 
Deformation after Cracking 
The in-plane stiffness of the floor slab is reduced greatly by the cracking 
of concrete. From the analyses m Chapter 4, it IS found that the 
commencement of cracking is controlled by the flexural stresses m the extreme 
concrete fiber. After cracking, the flexural stiffness of the section can be 
estimated on the basis of "cracked section", which omits the concrete area m 
tension. In order to account for the distributed cracks along the span length, 
ACI Building Code [1] introduces an effective moment of inertia for deflection 
calculations. This effective moment of inertia is 
M 
CT '> 
I = (-)"I + {1 
e M g 
a 
where : M 
cr 
cracking moment, 
M maximum moment on the member 
a 
I moment of inertia of gross uncracked concrete section g 
about centroidal axis, neglecting reinforcement, 
I moment of inertia of transformed cracked section. 
cr 
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Except for the use of the effective moment of inertia, the calculation of the 
deflection follows the common elastic procedure. The shear deformation of 
cracked concrete depends on many factors, such as, the distribution of cracks, 
the crack width, the amount of reinforcements, and the bond slippage. There is 
no simple and accurate method for the computation of shear deformation of 
cracked concrete. The method selected m this study is to assume a linear 
variation of the depth of compressiOn zone along the length of the equivalent 
beam, and to neglect any contribution of the cracked portion of the section. 
Yielding Load and Deflection 
The yield moment (M ) is reached when the tensile stress in steel first y 
reached the yield value. At this stage, the "longitudinal" strains are assumed 
to vary linearly in the panel cross section, with the strain in the extreme tensile 
reinforcing bar equal to its yield strain. The extreme concrete compressive 
strain under this condition IS usually far less than its ultimate value. 
Therefore, linear stress-strain relationship IS used for concrete, resulting in a 
triangular stress block. After the yield moment 1s determined, the yield load 1s 
calculated by usmg simple relationship P = M /1 . The deflection under yield y y 
load can be found after the determination of the effective moment of inertia, as 
explained in the preceding section. Table 5.1 lists the calculated yield loads 
and deflections from both the finite element method and the simplified beam 
method. 
Ultimate Strength 
The ultimate in-plane strength of the floor slab panels are determined 
separately for bending and for shear, following the provisions of ACI Building 
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Code [1]. The ultimate flexural strength is calculated by the conventional 
method, based on linear strain distribution, the Whitney rectangular stress 
block, and an ultimate concrete strain of 0.003. The ultimate in-plane load due 
to flexural failure is then P = M / L . 
u u 
The ultimate strength in shear is evaluated as 
V A (aV/+pf) 
u cv c y 
where a vanes from 0.26 for h /1 = 1.5 to 0.17 for h /1 = 2.0 or larger, h 
w w w w w 
is the span length of diaphragm, I is the depth of diaphragm considered in 
w 
direction of shear force, f' Is the compressive strength of concrete in MPa, A 
c ~ 
is the cross sectional area, p is the ratio of reinforcement, and f is the yield y 
stress of reinforcing bars. Table 4.1 lists the ultimate strength calculated by 
the beam approach and those from nonlinear finite element analysis, as well as 
from experimental studies. It should be noted that for all the floor panels 
listed, the flexural strength controlled. 
Ultimate Deflection 
The ultimate curvature if> of the critical cross section can be calculated 
u 
from the ultimate concrete strain (0.003) and the ultimate location of neutral 
axis, which is determined from the equilibrium of forces on the cross section. 
At the ultimate stage, inelastic behavior is not limited to the critical section(s) 
only, but spreads over a segment of the beam in the vicinity of the critical 
cross section. This segment, in which the curvature exceeds yield (if>;::: if>) is 
usually referred as the plastic hinge. For simplicity, the total plastic rotation 
of the hinge is usually calculated as a uniform plastic curvature over an 
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equivalent length L at each side of the critical section. Therefore p 
0 =(ifi -if! ) L . p u y p 
The end deflection of a cantilever slab panel IS 
if! L7 L 
6= (+) + (ifiu -ifi)LP (L- ;). 
Due to the cracking of concrete near the critical section, the equivalent length 
of plastic hinge can not be accurately determined. Various empirical expressions 
have been proposed for estimating L in the past [5], [22], [55] [72], with p 
significantly different results [66]. The distributed nature of reinforcing steel in 
a floor slab panel makes the estimation of L to be particularly complex. p 
Nakashima [59] reported that the average plastic hinge length for slab supported 
on beams was observed to be 250 mm. However, according to Mattock's 
empirical formula [55], the plastic hinge length would be over 1,200 mm, several 
times larger than Nakashima's experimental value. In the study reported herein, 
the equivalent plastic hinge length L is calculated from the bending moment p 
diagram of the cantilever slab panel, as one half the distance between the 
sections, where the bending moments are M and M, 
u y respectively. The 
calculated ultimate deflections for the various slab panels are listed in Table 4.1. 
In several cases, these calculated deflections differ rather significantly from those 
obtained experimentally or by the finite element analyses. Nevertheless, 
considering the simplicity of the beam method, it still provides an attractive 
method for a reasonable estimation. 
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5.3 Simplified Hysteresis Model 
The behavior of the floor slabs under repeated and reversed loading into 
the inelastic range is a maJor concern in the seismic analysis of building 
structures. The analytical model based on the finite element method presented 
in Chapter 3 provides a reasonable simulation of floor slabs under cyclic load. 
However, the analysis has been carried out for only a few cycles of loads. The 
difficulty stems partially from the complexity of reinforced concrete 
characteristics under cyclic load, such as the uneven surface condition of cracks, 
the amount of bond slip, and the material deterioration under repetitions of 
load. These properties have not been fully studied and no general accepted 
data are available. The lack of such data makes it extremely difficult to 
develop a rational model which simulates the hysteretic behavior of reinforced 
concrete structures for a large number of cycles. In spite of the significant 
development in nonlinear finite element models for concrete structures in the 
recent years, none of the models is capable of handling cyclic load more than 5 
cycles. 
Another problem inherent in the cyclic loading analysis by the finite 
element method is the high computation cost. As a matter of fact, even a 
monotonic analysis 1s difficult and expensive if the linear range IS exceeded. 
Drastic simplifications have to be made m order to study the hysteretic 
behavior of reinforced concrete members and/or overall structures. The 
simplified hysteresis models usually consist of multilinear loops that follow 
certain rules of loading and unloading. Instead of dealing with the local 
behavior of a small element as in the finite element method, the simplified 
hysteresis rules generally deal with the global hysteretic response. The 
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hysteresis loops represent the overall behavior of reinforced concrete structures, 
and there Is no need to separate reinforcing bars from concrete material. This 
can be viewed as the smeanng of the individual nonlinear material behaviors 
and the formulation of a hysteresis rule for the reinforced concrete member as a 
whole. These hysteresis rules have served to generate realistic conceptual 
models which recogmze the continuously varying stiffness and energy-dissipating 
characteristics of the reinforced concrete structures subjected to strong 
earthquake ground motions [20], [19], [62], [63], [77], [64]. The most well known 
and widely used hysteresis model is that presented by Takeda, et al. [77] In 
spite of its simplicity, this model has been applied to the analysis of shear 
walls, and reinforced concrete frames with surprisingly good agreement with test 
results .. 
5.4 Takeda's Hysteresis Model 
The Takeda's hysteresis model consists of a pnmary curve and several 
rules for constructing the load-deflection curve corresponding to load increase 
and reversal. Fig. 5.2 shows a typical example including several hysteresis loops. 
The pnmary curve of the hysteresis model has three linear segments which are 
established by connecting the ongm, the cracking point, the yielding point and 
the ultimate point successively by straight lines. The pnmary curve IS assumed 
to be symmetric about its ongm. The loading curve m the hysteresis loop IS 
basically directed toward the previous maximum point on the pnmary curve m 
that direction. The slope of unloading curve is dependent on the maximum 
deflection reached in either direction, and can be expressed as 
s = s { y 
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m which S = slope of unloading curve, S = slope of a line joing the yield y 
point in one direction to the cracking point in the opposite direction, D = max 
deflection attained, and D = deflection at yielding. The algorithm for the y 
computer coding of Takeda's hysteresis model can be found from Reference [64]. 
Takeda's hysteresis model is selected to study the in-plane behavior of 
floor slabs under cyclic load. To examine the applicability of Takeda's model, 
WH2CY is selected as a reference example. The primary curve in the hysteresis 
model can be constructed from the experimental or analytical studies of 
WHlMN. The hysteresis loops of WH2CY from Takeda's model is shown m 
Fig. 5.3 together with those from the experimental work. Fig. 5.4 shows the 
comparison of peak deflections reached in each half cycle of the loading. Figs. 
5.3 and 5.4 show that Takeda's model does not represent well the hysteresis 
behavior of floor slabs. From Fig. 5.4, Takeda's model gives good agreement 
with experimental results only in the initial cycles. As the number of cycles 
mcreases and the displacement increases, with the increase of the accumulated 
damages, the discrepancy between Takeda's hysteresis model and the 
experimental results becomes increasingly large. 
From Fig. 5.3, it is found that the Takeda's model does not properly 
simulate the hysteresis behavior of WH2CY, especially after the ultimate load 
has been reached. This is because the loading curve in Takeda's model is 
always directed toward the previous maximum load point on the primary curve. 
lf the subsequent load level is lower than, or equal to the previous maximum 
load, the hysteresis loop always reside inside or just on the previous loop. This 
is contrary to the test results. Comparing with the experimental study of 
WH2CY, one can conclude that Takeda's model is acceptable only for small 
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load or displacement amplitude. As the load or displacement gradually 
mcreases, especially for those cycles beyond the ultimate load point, the 
softening in the hysteresis response can not be neglected. Based on this finding, 
a new hysteresis model including the softening effect under cyclic load is 
proposed. 
5.5 Proposed Hysteresis Model 
From the discussion in Section 5.4, it is found that the Takeda's model is 
able to predict the hysteresis behavior of floor slabs with reasonable accuracy 
for small load or displacement cycles. However, it does not properly represent 
the stiffness and/ or strength deterioration as the load or displacement mcreases, 
especially for the cycles beyond the ultimate load point. Modifications are 
necessary. The revised hysteresis rule keeps the Takeda's rule for small load or 
displacement cycles. For the cycles with higher load or larger displacement, 
approaching the ultimate capacity, a softening factor is introduced to reflect the 
stiffness deterioration of the slabs (Fig. 5.5). 
The new rule states that after the cyclic load or displacement has 
exceeded certain preselected value (designated in Fig. 5.5 as point S), the 
loading curve will be directed toward a point which has a stiffness equivalent to 
that of the previous maximum point multiplied by a softening factor. The 
magnitude of this softening factor is determined through a parametric study. 
Fig. 5.6 shows the load-deflection loops of WH2CY, based on the new model, 
usmg a softening factor of 0.91 for displacements above 3.6 mm. Fig. 5. 7 
shows the measured and calculated peak deflections as a function of the number 
of cycles. Comparing Figs. 5.6 and 5. 7 with Figs. 5.3 and 5.4, the improvement 
of the proposed hysteresis model is clearly demonstrated. 
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It should be noted that Takeda's model does not provide for the 
deterioration of strength (similar to strain softening) which occurs when a floor 
slab panel is cyclically loaded beyond the maximum load displacements. This 
deficiency could be corrected by means of a descending segment for the primary 
load displacement curve, as shown in Fig. 5.5. However, no empirical or 
analytical data is currently available to define this segment. Simulation of the 
experimental loading spectrum in this study is accomplished without the need to 
invoke such a strength-decay limitation. 
5.6 Analysis of Floor Slabs Using Simplified Hysteresis Model 
In this section, the in-plane hysteresis behavior of floor slab panel, with or 
without out-of-plane load, will be analyzed by the proposed hysteresis model. 
The results from the simplified model will be compared with experimental 
results, if available. For cases where experimental results are not available, the 
results from the simplified model will be compared with those from the finite 
element analysis presented m Chapter 4. These also provide a direct 
companson of the simplified hysteresis model and the nonlinear finite element 
model. 
The primary curve of the simplified hysteresis model can be constructed 
according to the load-deflection curve of floor slabs under in-plane monotonic 
load. However, the experimental studies in Chapter 2 and the analytical studies 
in Chapter 4 have shown that cyclic loading causes a reduction in both the 
ultimate load and the displacement capacity. Conceptually, the envelope of the 
hysteresis loops, which is considerably softer than the monotonic load-deflection 
curve, should be a better model for the primary curve. If this envelope is not 
available either from experimental study or from nonlinear finite element 
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analysis, the load-deflection curve of floor slabs under monotonic load can be 
used with a softening modification. The pnmary curve used in the study 
reported herein is based on the envelope of the cyclic load hysteresis loops, but 
checked also with the load-deflection curve of monotonic load test. 
FH2CY 
FH2CY was the side panel of flat plate speCimen subjected to cyclic in-
plane load. Accurate experimental results for this panel are not available, hence 
the results from the simplified hysteresis model are compared with those from 
the nonlinear finite element analysis only. Fig. 5.8 shows the hysteresis loops of 
FH2CY from the two analyses. In general, the two analyses agree better in the 
positive load direction than in the negative load direction. It is noted that the 
finite element analysis was carried through only three load cycles, with large 
load increment between cycles. This leads to significant damages in each half 
cycle, causing the structure to behave in a strongly unsymmetrical manner. On 
the other hand, in the simplified hysteresis model, the structure is treated as 
subjected to a larger number of load cycles with small increments. So the 
directional effect is negligible, and the hysteresis loops are symmetrical. Fig. 
5.9 shows the comparison of peak deflections. Good agreement is seen for the 
first and second cycles. However, the severe damage of the slab in the first 
two and half cycles causes the predictions for the last half cycle to differ 
considerably. 
WH3CY 
WH3CY represents the middle panel of a waffle slab speCimen under cyclic 
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load, which has not been studied experimentally. Figs. 5.10 and 5.11 show the 
hysteresis loops and peak deflections obtained from the nonlinear finite element 
analysis as well as the simplified hysteresis model analysis. The general trend, 
as observed for panel FH2CY, is again observed. However, for panel WH3CY, 
agreements between the two analyses are much better. This is because more 
load cycles and smaller load increments are used for WH3CY, hence the 
directional effect is less noted. It is believed that increasing the number of 
cycles and decreasing the load increment would result in better correlation 
between the finite element and simplified model analyses. 
FH3CY, BHlCY, BH3CY 
These are the side panel of a flat plate speCimen, and the side and middle 
panels of a beam-supported specimen. The stiffness softening factors selected 
are 0.80 for FH3CY and 0.85 for BH1CY and BH3CY. The hysteresis loops 
are shown in Figs. 5.12, 5.14, and 5.16, and the peak deflections in Figs. 
5.13, 5.15, and 5.17. In general, the simplified model gives very good agreement 
with the experimental studies. The larger deviation for the last cycle is 
believed to be a consequence of the severe damage of the specimens near the 
ultimate. 
FV2CY, BV2CY, WVlCY 
These three examples are of special interest because of the inclusion of 
out-of-plane full service load. The three-dimensional nature of the problem 
make it extremely difficult and expens1ve to conduct a cyclic nonlinear finite 
element analysis. This increases the need for an effective simplified hysteresis 
93 
model. It is important to examme the applicability of the proposed simplified 
hysteresis model to floor slabs under combined out-of-plane load and cyclic in-
plane load. 
In the development of the simplified hysteresis model, the effect of the 
out-of-plane load can be take into account in the construction of primary 
curves. In the experimental studies, it is found that the behavior of floor slabs 
tested under cyclic load are essentially the same with or without the out-of-
plane load. The major effect of the out-of-plane load is to decrease the 
ultimate strength and deformation. It is assumed that the stiffness degradation 
rule used in the simplified model is valid whether or not any out-of-plane load 
is present. The reduction of ultimate strength and deformation caused by the 
out-of-plane loading can be simulated by a softening of the primary curve. The 
stiffness softening factors are taken as 0.85, 0.88, 0.91 for FV2CY, BV2CY, and 
WV1CY, respectively. Figs. 5.18 and 5.21 show the results from simplified 
model and experimental studies of FV2CY. Very good agreement can be 
observed, although the last cycle does show larger discrepancy. 
Figs. 5.20 to 5.23 show the results of BV2CY and WVlCY from both the 
simplified hysteresis model and the experimental studies. The comparisons are 
similar to those of FV2CY. The simplified hysteresis model appears to be 
applicable for all the three floor systems for the case of combined out-of-plane 
load and cyclic in-plane load. 
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5. 7 Discussion and Conclusions 
The simplified models proposed m this chapter are aimed at providing 
simple yet reasonably accurate procedures for the study of the in-plane behavior 
of floor slabs. The beam model provides a practical method to calculate the 
initial stiffness, deformation, and strength of floor slab panels acting as 
diaphragms. The simplified hysteresis model serves as a basic tool in the study 
of the cyclic load characteristics of floor diaphragms. Several conclusions can be 
drawn from on the results presented in this chapter. 
1. A beam model, including the effect of shear deformation, provides a good 
estimation of initial stiffness, yield load and deflection, as well as ultimate 
strength and deflection of floor slabs under in-plane load. The ultimate 
deflection is very sensitive to the estimated length of the plastic hinge. 
More work needs to be done in order to accurately evaluate this length. 
2. Takeda's hysteresis model g1ves good agreement with experimental studies 
for small load cycles. However, as the load or displacement gradually 
mcreases, the deterioration under the same load or displacement amplitude 
also increases. A stiffness softening factor m the range from 0.85 to 0.90, 
1s needed to reflect this effect. 
3. The proposed hysteresis model, with the softening in stiffness, g1ves very 
good agreement with the experimental studies. This simplified hysteresis 
model has been calibrated with the floor slabs under cyclic in-plane load, 
with or without the application of out-of-plane service load. 
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Chapter 6 
Summary, Conclusions and 
Recommendations 
6.1 Summary of Findings 
This research IS an investigation of the in-plane characteristics of 
commonly used floor slab systems. Results from three series of experimental 
studies of floor systems including flat plate floor slabs, floor slabs supported on 
beams and waffle slabs are summarized and discussed. A nonlinear finite 
element model is developed to simulate the in-plane behavior of reinforced 
concrete floor slabs. The validity of this model is confirmed by comparison 
with well known experimental studies of shear walls. An analytical parametric 
study, examining several important factors which affect the in-plane behavior of 
floor slabs is presented. Two simplified models for the evaluation of in-plane 
characteristics of floor slabs are presented. Both simplified models have been 
validated by comparison with the experimental results and the results of 
nonlinear finite element analyses. The simplified hysteresis model can be used 
as a basic tool in the nonlinear dynamic analysis of building structures 
considering the in-plane flexibility of floor slabs. 
Several important findings, suggestions and recommendations from this 
investigation are summarized as follows: 
Findings From Experimental Studies 
1. Shrinkage and out-of-plane bending can induce cracking along the slab-wall 
junction, and significantly reduce the initial in-plane stiffness of the slab 
panel. 
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2. In-plane strength of the slab panel is basically controlled by the in-plane 
flexural strength at the major crack. In all cases, the major crack forms 
near the cross section where many of the negative bending reinforcing bars 
for gravity load are terminated. The major crack runs parallel to the 
fixed edge for a distance before turning towards the fixed edge. After the 
formation of the major crack, the deflection characteristics of the floor slab 
panel are mainly controlled by the closing and opening of the crack. The 
final failure, typically occurring at a load below the ultimate, may be 
precipitated by the crushing of concrete and fracturing of reinforcing bars 
across the major crack. 
3. Cyclic loading causes a significant reduction of the in-plane strength and 
the displacement capacity of a floor panel. The reduction in strength is 
about 25% for slabs-on-beams a~d 15% for flat plates, but less than 5% 
for waffle slabs. The accumulation of damages IS believed to be 
responsible for this reduction. Cyclic loading leads to more distributed 
cracks and plastic deformation but little change in the development of the 
major crack. 
4. The presence of full service gravity load causes a decrease in the in-plane 
strength, about 10% under cyclic load and 20% under monotonic load. 
However, the displacement capacity is not seriously affected. The general 
behavior of the slabs is not altered by the gravity load, and the major 
crack still develops near the boundary between the column and middle 
strips. The complete formation of the major crack still governs the 
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ultimate resistance. 
5. The bent-up (trussed) bars in a slab panel tend to straighten out after the 
opemng of the major crack, and tend to accelerate the growth of the 
cracks. This is seen as a disadvantage. Therefore, it is suggested to 
avoid using bent-up bars in slabs where diaphragm action is important. 
6. The in-plane strengths of the several flo'or slab systems are nearly m 
proportion to the respective slab thicknesses. The supporting beams or 
ribs improve the displacement capacity but contribute little toward the 
strength. 
7. All the floor slabs tested were designed for the out-of-plane load only, and 
reinforcements were distributed without any consideration to the diaphragm 
behavior. These specimens did not exhibit high extents of ductility. A 
better design for diaphragm behavior could be achieved by usmg a larger 
amount of reinforcements and by concentrating more steel along the slab 
boundaries. 
Findings From Analytical Studies 
1. Despite its simplicity, the proposed finite element model based on a 
modified Mohr-Coulomb criterion is capable of adequately estimating the 
stiffness, strength, and deformability of floor slabs under in-plane load. 
2. The analytical model tends to over-estimate the initial stiffness. A pre-
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cracking procedure may be used to simulate the effect of micro cracks m 
specimens. 
3. The general behavior of floor slabs under cyclic in-plane load can be 
approximately represented by the analytical model up to 3 to 5 load 
cycles. The envelope of the relatively few hysteresis loops based on the 
proposed model is very close to the envelope from the experimental studies 
which involved large number of cycles. 
4. The flexural strength governs all the floor slab panels with the depth-to-
shear-span ratio between 0.5 and 1.5. The shear force has only a minor 
effect. 
5. Doubling the amount of longitudinal reinforcing bars in the column strips 
of the floor slab panel leads to an increase of the in-plane strength, by 
approximately 25%. 
6. A beam model, including the effect of shear deformation, provides a simple 
and practical estimate of the initial stiffness, strength and deformation of 
floor slabs under in-plane monotonic load. ACI building code provisions 
give a reasonably good estimation of the shear strength. The ultimate 
flexural strength can be calculated using the conventional plane section 
assumption and the Whitney rectangular stress block. 
7. Takeda's hysteresis model shows good agreement with experimental studies 
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for small load cycles. However, as the load or displacement increases, the 
material deterioration under the same load or displacement amplitude 
accumulates and must be taken into consideration. A stiffness softening 
factor in the range of 0.85 to 0.90 is suggested. 
8. The proposed simplified hysteresis model, which includes the stiffness 
softening factor, gives very good agreement with the experimental studies 
of floor slabs under cyclic in-plane load, with or without out-of-plane 
loading. This simplified model can be utilized in the nonlinear dynamic 
analysis of building structures, when the in-plane deformation of floor slabs 
needs to be included. 
6. 2 Recommended Further Research 
The study reported m this dissertation forms a beginning towards a 
rational design procedure for diaphragm behavior of reinforced concrete floor 
slabs. This study also reveals a number of areas where additional research is 
needed. 
Future Research 
1. Further investigation is needed on the in-plane behavior of floor slabs 
under combined in-plane and out-of-plane loads. The magnitude of the 
out-of-plane load may change the in-plane behavior of floor slabs. For 
example, with high out-of-plane load, the major crack may shift towards 
the mid-span regiOn where the positive bending moment due to the out-of-
plane load 1s larger. 
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2. Research is needed on the connection between floor system and the vertical 
supporting element (column, frame or wall). These connection region, need 
to be examined carefully to ensure adequate stiffness, strength and 
ductility in order to transmit the in-plane load. 
3. Study is needed on the floor systems designed for diaphragm action 
according to the current design practice. It would be interesting to 
examine the in-plane behavior of floor slabs designed for the current code 
requirements developed from the study of shear walls. 
4. Research on the overall behavior of building structures subjected to seismic 
ground motions is needed. The reported research dealt with single 
structural elements only. It IS important to study the interaction between 
the vanous elements within an entire structure. Information on post-
elastic and ultimate behavior of structural assemblages and systems IS 
needed. 
101 
Tables 
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Table 2.1 Mechanical Properties of Concrete of Floor Slabs 
Type • Compressive 
Strength(MPa) 
F 27.6 
B-1 28.0 
B-2 29.0 
W-1 31.1 
W-2 28.5 
* 
F: Flat Plate 
B: Slab-on-Beam 
W: Waffle Slab 
-1: First Specimen 
-2: Second Specimen 
Split Tensile Young's 
Strength(MPa) Modulus( CPa) 
3.07 19.1 
2.13 - 21.0 
2.40 22.0 
2.78 22.5 
2.49 21.1 
Table 2.2 Mechanical Properties of Reinforcing Bars 
Size Area Yielding Ultimate 
.(mm2) Stress(MPa) Stress(MPa) 
F D2.0 13.5 369 421 
D3.0 21.0 469 546 
D2.0 13.4 368 411 
B D2.5 17.2 609 668 
D3.0 21.5 590 590 
Dl.O 5.33 292 398 
D2.0 12.1 308 460 
w D2.o" 12.7 414 452 
D2.5 16.1 248 392 
* unannealed D2.0 bars 
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Poisson's 
Ratio 
0.15 
0.13 
0.14 
0.18 
0.20 
Young's 
Modulus( CPa) 
181 
178 
191 
196 
190 
162 
210 
204 
206 
Table 2.3 Designation of Test Programs 
(Five Alphanumeric Characters) 
1 2 3 
1 Type of floor system 
F Flat slab 
4 
B Slab-on-Beam floor system 
W Waffle Slab 
2 Presence of vertical load 
II Horizontal in-plane loading 
5 
(Without supplemental out-of-plane loading) 
1V With vertical load equivalent to full service dead 
and live load 
3 Panel(s) being tested 
1 Panel 1, side panel 
2 Panel 2, side panel 
3 Panel 3, middle panel 
6 Three panel specimen 
4-6 Type of test 
SS Stiffness test, symmetrical loading 
SA Stiffness test, anti-symmetrical loading 
~~ Monotonic loading 
C1{ Cyclic loading 
Example: 
W1V1C1r Waffle slab floor system 
Vertical loading first, then in-plane loading 
Panel 1 being tested 
Strength test with cyclic loading 
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Table 2.4 In-Plane Stiffnesses of Three Panel Specimens 
Experimental 
P/6 P/8 
(MN/m) (MN/rad) 
FH6SS 210 1176 
FH6SA 107 -
BH6SS8 160 855 
BH6SSb 154 800 
BH6SAa 86 241 
BH6SAb 80 231 
WH6SS 138c 
-
WH6SA sse 
-
a: first specimen 
b: second specimen 
c: measured along the column line 
d: discussed in Chapter 5 
Analytical 
SAP4 Beamd 
P/6 P/8 P/6 P/8 
216 931 190 980 
111 304 123 412 
205 922 171 893 
215 966 179 935 
118 327 110 366 
124 343 114 382 
130 565 117 521 
71 194 76 212 
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Table 2.5 In-Plane Stiffnesses of Individual Panels 
Experimental Analytical 
lni tial Stiffness SAP4 Beam 
(MN/m) (MN/m) (MN/m) 
BH2MN 218 326 320 
BH1CY 272 326 320 
BH3MN 166 206 202 
BH3CY 175 216 212 
BV1MN 222 340 334 
BV2CY 201 340 334 
WH1MN 165 199 186 
WV2MN 119 187 172 
WH2CY 167 199 186-
WV1CY 73 187 172 
WH3MN 33 102 117 
FH5MN 65 240 244 
FH1MN - 376 357 
FH3MN - 222 225 
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Table 2.6 Strength Tests Under Monotonic In-Plane Load 
+Pu (kN) -Pu (kN) +6u (mm) -6 (mm) u 
FH1MN 160* 58.7* 
- -
FH3MN 82.8 35.2 
- -
FH5MN 76.5 54.6 11.2 4.79 
BH2MN 120.0 -88.5 7.62 7.24 
BH3MN 56.9 -38.7 7.11 5.72 
WH1MN 98.4 -98.1 6.81 11.73 
WH3MN 55.5 -45.5 21.2 23.8 
* From repaired panel. 
Table 2. 7 Strength Tests Under Monotonic: In-Plane Load 
and Service Gravity Load 
P u (kN) -P (kN) +6u (mm) 6u (mm) u 
FV1MN 131.3 101.5 4.98 1.93 
BV1MN 102.0 -89.8 9.22 9.22 
WV2MN 95.1 84.6 10.5 13.6 
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Table 2.8 Strength Tests Under Cyclic In-Plane Load 
p (kN) -P (kN) +6u (mm) 6 (mm) u u u 
FH2CY 158.0 142.4 -
-
FH3CY 70.8 63.2 3.51 2.87 
BH1CY 94.7 
-96.5 6.75 6.30 
BH3CY 41.8 
-40.5 4.60 5.42 
WH2CY 93.7 88.5 8.32 9.55 
Table 2.9 Strength Tests under Cyclic In-Plane Load 
and Service Gravity Load 
+P (kN) -P (kN) +6u (mm) -5 u u u 
BV2CY 85.0 
-83.2 6.27 5.08 
FV2CY* 147.7 128.6 3.33 1.91 
WV1CY 94.4 81.4 7.28 7.25 
* The applied gravity load was only 0.33 of the working value. 
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(mm) 
Table 2.10 Calculation of Ducitlity Factors 
6 6 -6 6t D y u u 
(mm) (mm) (mm) (mm) 
FH5MN 3.16 11.2 4.79 16.0 3.5 
BH2MN 2.06 7.62 7.24 14.86 3.7 
BH3MN 1.44 7.11 5.72 12.83 4.9 
WH1MN 2.08 6.81 11.73 18.54 3.3 
WH3MN 3.40 21.2 23.8 45.0 6.2 
FV1MN 1.04 • 4.98 1.93 6.9 4.8 
BV1MN 2.92 9.22 9.22 18.44 3.2 
WV2MN 2.47 10.5 13.6 24.1 4.3 
FH3CY 1.61" 3.51 2.87 6.38 2.2 
BH1CY 2.81 6.75 6.30 13.05 2.4 
BH3CY 2.47 4.6 5.42 10.02 1.9 
WH2CY 1.40 8.32 9.55 17.87 5.9 
BV2CY 2.19 • 6.27 5.08 11.35 2.9 
FV2CY 1.33 • 3.33 1.91 5.24 2.5 
WV1CY 2.31 7.28 7.25 14.53 3.2 
* The first yield load was estimated by finite element method 
or from the average of other tests. 
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-D 
1.5 
3.5 
4.0 
5.6 
7.0 
1.9 
3.2 
5.5 
1.8 
2.2 
2.2 
6.8 
2.3 
1.4 
3.1 
Tabl~ 2.11 Comparis·on of Monotonic Load and Cyclic Load 
Strength Ductility Deformability 
FH3CY /FH3MN 0.855 
- -
BH1CY /BH2MN 0.789 0.649 0.878 
BH3CY /BH3MN 0.735 0.388 0.781 
BV2CY /BV1MN 0.833 0.906 0.616 
WH2CY /WH1MN 0.952 1.788 0.964 
WV1 CY /WV2MN 0.993 0.744 0.603 
Table 2.12 Steel Ratio of Different Floor Slab Systems 
Column Middle 
Strip Strip 
FP 0.00469 0.00225 
FP* 0.00549 0.00277 
SB 0.00453 0.00271 
WF 0.01 0.00667 
• revised design of flat plate specimen 
110 . 
-' 
Table 2.13 Comparison of Different Floor Slab Systems 
Under In-Plane Load 
Initial Ultimate Total Ductility 
Stiffness Strength Deflection Factor 
(MN/m) (kN) (mm) 
FH1MN - 160.0 - -
BH2MN 218 120.0 14.86 3.7 
WH1MN 165 98.4 18.54 3.3 
FH5MN 65 76.5 16.0 3.5 
BH3MN 166 56.9 12.83 4.9 
WH3MN 33 55.5 45.0 6.2 
FV1MN 
-
131.3 6.9 4.8 
BV1MN 222 102 18.44 3.2 
WV2MN 119 95.1 24.1 4.3 
FH2CY - 158.0 - -
BH1CY 272 94.7 13.05 2.4 
WH2CY 167 93~7 17.87 5.9 
FH3CY - 70.8 6.38 2.2, 
BH3CY 175 41.8 10.22 1.9 
FV2CY 
-
147.7 
- -
BV2CY 201 85.0 11.35 2.9 
WV1CY 73 94.4 14.53 3.2 
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Table.. 4.1 Ultimate Load and Deflection 
p p p 0 0 0 u,exp u,ana u,beam u,exp u,ana u,beam 
(kN) (kN) (kN) (mm) (mm) (mm) 
FH1MN 160 169 154 
-- 2.85 7.7 
FH3MN 82.8 77.9 66.3 
-- 1.12 10.3 
FH5MN 76.5 84.6 74.3 11.2 6.51 10.6 
BH2MN 120 118 108 7.62 8.09 5.5 
BH3MN 56.9 55.6 50.3 7.11 6.42 8.4 
WH1MN 98.4 102.4 120.6 6.81 7.28 6.9 
WH3MN 55.5 47.8 53.8 21.2 4.48 10.4 
Note: P : experimental ultimate load 
u,exp . 
P u,ana: analytical ultimate load 
P b : calculated ultimate load by beam method u, earn 
o : experimental ultimate deflection u,exp 
o : analytical ultimate deflection 
u,ana 
ou,beam= calculated ultimate deflection by beam method 
(beam method is discussed in Chapter 5) 
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Table 4.2 Summary of Floor Slabs With Different 
Span-to-Depth Ratios 
Depth p {J 
ua ua 
Shear Span kN mm 
Flat 1.5 169 2.85 
Plate 1.0 120 1.79 
0.75 77.9 1.12 
0.50 49 0.84 
Beam- 1.5 118 8.09 
Supported 1.00 69.0 3.46 
Slab 0.75 55.6 . 6.42 
0.50 31.2 0.56 
Waffle 1.50 102.4 7.28 
Slab 1.00 65.6 4.64 
0.75 47.8 4.48 
0.50 31.2 3.56 
Square 1.00 86.8 2.57 
FP 0.50 37.8 1.46 
Square 1.00 60 7.52 
SB 0.50 28.9 6.48 
Square 1.00 59 11.6 
WF 0.50 26.7 8.49 
Note P ua: analytical ultimate load 
fJ : analytical ultimate deflection 
ua 
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Table 4.3 Comparison of Ultimate Strength by Doubling 
Moment Arms 
Slab Ratio of Depth Ratio of 
to Shear Span Ratios Ultimate Strength 
FP 0.50 : 1.00 0.41 
FP 0.75 : 1.50 0.46 
SB 0.50 : 1.00 0.45 
SB 0.75 : 1.00 0.47 
WF 0.50 : 1.00 0.48 
WF 0.75 : 1.50 0.47 
SQ, FP 0.50 : 1.00 0.44 
SQ, SB 0.50 : 1.00 0.48 
SQ, WF 0.50 : 1.00 0.45 
Table 4.4 Comparison of Ultimate Strength of Different 
Reinforcement Design 
Original Variation Variation 
Design 1 2 
FH1MN 169 202 223 
FH3MN 77.9 89 96 
BH2MN 118 142 154 
BH3MN 55.6 67 73 
WH1MN 102 138 151 
WH3MN 48 71 76 
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Table 4.5 Results From Parametric Studies of Different 
Loading and Boundary Conditions 
Case 1 
Edge Loading 
Case 2 
Uniform Moment 
Case 3 
Pure Shear 
Case 4 
Rotation Fixed 
Pu = 59 kN 
M = 63 kN-m 
u 
Pu = 102 kN 
162 kN 
Table 5.1 Calculated Yield Load and Deflection 
p p 0 0 y,ana y,beam y,ana y,beam 
(kN) (kN) (mm) (mm) 
FH1MN 109 98.6 0.67 0.31 
FH3MN 57.9 49.4 0.57 0.24 
FH5MN 62.3 53.1 0.51 0.36 
BH2MN 75.7 76.2 0.56 0.40 
BH3MN 40.0 38.1 0.48 0.33 
WH1MN 71.2 66.4 0.70 0.72 
WH3MN 37.8 33.2 0.57 0.60 
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Fig. 3.2 Idealized elasto-plastic stress-strain curve for concrete. 
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f • c • maximum compressive stress 
• ft • maximum tensile stress 
feu • compressive stress at Ecu 
Ecu • ultimate compressive strain 
Etu • ultimate tensile strain 
Fig. 3.3 Stress-strain curves of concrete. 
a 
Experimental 
Analytical 
(Simplified) 
I 
I 
I 
I 
I 
I 
I 
\ 
INITIAL YIELD 
~ , 
SPALLilfC oa 
CIUSBDIC 
I 
' I 
I --- CRAaD~r; 
I 
I 
SLIDDIC 
+cr, 
Fig. 3.4 Modified Mohr-Coulomb two-dimensional failure criterion. 
137 
y 
I 
' \ 
"' 
/~ 
-x 
Fig. 3.5 Smeared cracking model. 
138 
1 ELASTIC 
4 1-ctOSiliC . 
6b CIAC"F-
CLOSDO 
2 PLASTIC 
' 2-cJ.ACUlC 
7 2-CLOSIBG 
3 1-CIWXDG 
6a cuatBG-
CLOSDG 
8 CIIJSBING 
Fig. 3.6 Concrete behavior for various loading stages. 
139 
2P 
' 1 . ,. 
Sx 
+ 
• tp 
I 
Pt I. 864 864 ~· 
~rm ~~ ·~. ·~ I I I I I I I I I • • t 
I. ! 762 .l ! 762 u 
102 102 102 
Sx Sy 
v-2. 13 102 102 cop 610 
n 102 boc 152 
13 76 76 
(UiliC: •) 
Fig .. 3.7 Shear panel W-2 and W-4 tested by Cervenka et al. [14j 
140 
-
"" 
-
P(kN) 
120 
80 
0 
0 2 
- •-·- EXPERIHENTAL [ 14) 
ANALYTICAL 
B c 
.,.._ .. ~ -~ 
2P 
~ 
II I I I I 
t t 
p p 
4 6 8 10 
8 (mm) 
Fig. 3.8 Analytical and experimental load-deflection curves for shear panel W-2. 
p(kN) 
FIRST LOAD CYCLE 
p(kN) 
0.8 ~--~~~--~~~mm) 
ANALYTICAL 
----- IXPERIMENTAL 
-60 [14] 
SECOND LOAD CYCLE 
Fig. 3.9 Load-deflection curves for cyclic loading of shear panel W-4. 
P(kN) 
2P 
~ 
• • 
THIRD LOAD CYa.B 
4 6 
I I 
- MW.niCAL 
-a 
'(rnm) 
--- IIPDDIIIITAL [ 14] 
Fig. 3.9 (Contd) Load-deflection curves for cyclic loading of shear panef W-4. 
, .. Loading Line Clamped Edge 
.. 
-
-
8. 203::1630 
(Unit: mm) 
Fig. 4.1 Finite element mesh. for flat plate. 
144 
-0 
. 
0 
0 
N 
z~ 
~0 
-CD 
.. 
a 
<t 
Oo 
...J. 
0 
N 
.. 
0 
------------.--
FH1MN 
-- ANALYTICAL 
- - - EXPERIMENTAL 
·~------~------_.~----~------~~-------
.0 .a t.s ·2.4 3.2 4.0 
DEFLECTION (MM) 
Fig. 4.2 Load-deflection curves of FHlMN and FH3MN. 
145 
-0 
. 
0 
0 
... 
ZC! 
~0 
-CD 
0 
. 
0 
N 
ANALYTICAL 
EXPERIMENTAL 
FHSMN 
0 
·~------~----~~----~~~--~~~--~~ 
.o 4.0 8.0 12.0 16.0 20.0 
DEFLECTION (MM) 
Fie. 4.3 Load-deflection curves of FH5MN. 
146 
Loading Line Clamped Edge 
~ 
U) 
Lt) 
r") 0 1-
-an 
0 
..n 
U) 
Lt) 
r") 
1-
rt) 
0 
c:\1 0 
• 
~ 
~ ~ ~ 
U) 
..n 
ff) 
0 
Lt) 
I~ i-0. 
.n 
U) 
Lt) 
rf) 
1- 8 (j) 203 .:: 1630 j (Unit: mm) 
Fig. 4.4 Finite element mesh for beam-supported slab. 
147 
0 
. 
0 
0 
... 
-o z. 
~0 ~CD 
0 
c( 
Oo 
...J. 
0 
fD 
0 
. 
0 
• 
0 
. 
0 
N 
I 
I 
I 
I 
I 
I 
I 
' I 
. . .. 
./ -------
I 
I 
BH2MN 
---
EXPERIMENTAL [59] 
ANALYTICAL 
~L-------L-------~----~~----~~----~ 2.0 4.0 a.o a.o 10.0 .o 
DEFLECTION (MM) 
Fig. 4.5 Load-deflection curves of BH2MN. 
148 
0 
• 0 
C\1 
.. 
0 
. 
0 
0 
.. 
-o z. 
~i 
0 
<( 
Oo 
_J. 
:a 
0 
. 
. . .. 
/\ 
I \ 
I 
I 
I 
I 
I 
I 
I 
I 
I 
BH2MN 
---
EXPERIMENTAL (59) 
ANALYTICAL 
(PRE-cRACK) 
0 
··~----~~----~~----~------~~----~ 
.. 0 2.0 4.0 8.0 8.0 10.0 
DEFLECTION (MM) 
Fig. 4.6 Load-deflection curves for BH2MN (precracked). 
149 
0 
. 
0 
U) 
I, 
0 ,, 
. 
o I 
It) 
I 
I 
I 
Cl I < 
Oo I 
...J. I 0 
"' I 
' I 
0 I . 
0 
N 
' I 
0 
. 
0 
... 
0 
.0 
BH3MN 
EXPERIMENTAL (59) 
X ANALYTICAL· 
+ ANALYTICAL (PRE-CRACK) 
2.0 4.0 6.0 8.0 
DEFLECTION (MM) 
Fi&. 4. 7 Load-deflection curves for BH3MN. 
150 
10.0 
~ Loadins Line Clamped Edse ~ . 
U) , 
-
.. 
-r-
C\1 
• 0 
00 v 
v 
C\1 
1-, HO 
rf) 
-
6 • 2 71 = 1630 
(Unit: mm) 
Fig. 4.8 Finite element mesh · for waffle slab. 
151 
-0 
. 
0 
N 
"" 
0 
. 
0 
0 
"" 
ZC! 
~0 
-c:o 
0 
. 
0 
• 
0 
. 
0 
N 
0 
I 
I 
l 
.0 
/ 
I 
I 
/ 
/ 
/ 
/ 
4 WH1MN 
2.0 
EXPERIMENTAL 
x ANALYTICAL 
+ ANALYTICAL 
(PRE-CRACK) 
4.0 6.0 8.0 
DEFLECTION (MM) 
Fig. 4.9 Load-deflection curves of WHIMN. 
152 
10.0 
0 
<( 
0 
. 
0 
co 
0 
. 
0 
tn 
Oo 
_J. 
0 
"' 
0 
. 
0 
N 
I 
I 
I 
I 
I 
I 
I 
I 
' I 
ol 
. 
0 
.. 
0 
.0 5.0 
--
_,---
WH3MN 
EXPERIMENTAL 
ANALYTIO\L 
10.0 15.0 20.0 
DEFLECTION (MM) 
Fig. 4.10 Load-deftection curves of WH3MN. 
153 
25.0 
-5.0 
-z 
~ 
-
-3.0 
0 
. 
0 
In 
... 
0 
. 
0 
In 
0 
. 
0 
In 
... 
I 
1.0 3.0 5.0 
DEFLECTION (MM) 
FH2CY 
Fig. 4.11 Load-deflection curves of FH2CY. 
154 
-5. 
-z 
~ 
-FH3CY 
0 
. 
0 
. 
0 
CD 
I 
3.0 
DEFLECTION 
-- ANALYTICAL 
5.0 (MM) 
-----· EXPERIMENTAL 
Fig. 4.12 Load-deflection curves of FH3CY. 
155 
BH1CY 
-10.0 -6. o,,. ....... ".I 
,. ;' "'"' Jl ;' .,.,, ~ 
;' I I I .... 
;' til ,. ... 
.I I I I , '4ft 
I I ,'1 ,., 111 
I 'ft."" II 
: / I_"Jr., ;' : 
.... (.,..,, . ., 
,,r/.1 , 
"'y'l."" I I ;' I 
I I / I ~',A, 
v f "' I 
LJ ~ 
0 
. 
0 
. 
... 
I 
6.0 
DEFLECTION 
-- ANALYTICAL 
10.0 (MM) 
-----· EXPERIMENTAL [59] 
Fig. 4.13 Load-deflection curves of BHlCY. 
156 
-10.0 
-
BH3CY 
0 
. 
0 
CD 
. 
0 
~ 
I 
0 
. 
0 
CD 
I 
l 
II 
I I 
I I 
I : 4 
.,~I 
/r.J I 
I I ;fA 
I ly~ \f 
/ ~1N II 
~I , I I 
/ 11 I I ~I I I 
I I I I 
'/ I I 
I I 
,1 ,' 
"' 
6. 
DEFLECTION 
-- ANALYTICAL 
10.0 (MM) 
-----·EXPERIMENTAL [59] 
Fig. 4.14 Load-deflection curves of BH3CY. 
157 
-20.0 
-
WH2CY 
0 
0 
C\1 
'" 
0 
0 
0 
C\1 
'" I 
I 
I 't 
20.0 (MM) 
ANALYTICAL 
-----· EXPERIMENTAl 
Fig. 4.15a Load-deflection curves of WH2CY. 
158 
-5.0 
WH2CY 
0 
. 
0 
. 
-a z 
~ 
-
0 
. 
i 
I 
0 
. 
2 
.. 
I 
I 
I 
I 
I 
I 
I 
I 
,,.0 
DEFI.,.ECTION 
, 
,' 
,' , 
I 
I 
~,' ANALYTICAL 
I 
I 
I 
I 
I 
I 
I 
I. 
5.0 (MM) 
------EXPERIMENTAL 
Fig. 4.15b Load-deflection curves of WH2CY · 
159 
-5.0 
-z 
~ 
-
0 
. 
0 
U) 
0 
. 
CJO <~ 
0 
....J 
0 
. 
0 
N 
0 
. 
0 
~ 
I 
0 
. 
0 
U) 
I 
WH3CY 
Fig. 4.16 Load-deflection curves of WH3CY. 
160 
5.0 (MM) 
~ 
f 
p,~ 
t 
f .._ ______ , 
CASE 1 CASE 2 
p 
CASE 3 CASE 4 
Fig. 4.17 Loading and boundary conditions for 
parameteric study. 
161 
p '· 
a. ' { f __ ... :a: 
<L1·LJ L 
lui • •J • 
L L lLt• L) 
I; I 
I PL I 
I -PL I 
SHEAR 
PL 
MOMENT 
I ·2P I I p p I 
SHEAR 
Sym. 
LoadinCJ 
Anti•Sym. 
LoadlnCJ 
Fig. 5.1 Equivalent beam calculation in stiffness tests [59]. 
162 
Dy 
Deflection · 
C : Cracking 
Y: Yielding 
Fig. 5.2 Takeda's hysteresis model. 
163 
-20.0 
·•· 
WH2CY 
-12.0 
/ I ' 
0 
<X: 
0 
....J 
1 I I •• .-, 
I I I 1( I, "" 
1 I I (I I " ':Jif" 
1 I I J -r/' 1!{,./ 
1 I I .- 1 ·I 'f.1~ 
1 I y " 
1
( I /1" 
I _,~'1 ~I II'. 
1 <" I 1 I 11 I I I I I 1 <" I I I 11 111 I II 
1- " I 1 I 11 t I II I II I •1 
I I 11 I II 
I II I ~I I 
Jl I rJ 11 ~~I 
I J I 1111 
I,/ 'Ill Ai' 
J- I I ,t If 
I tl / 
I ,t :..-" • 
0 
0 
C\1 
~ 
0 
0 
0 
C\1 
~ 
I 
12.0 
DEFLECTION 
20.0 (MM) 
TAKEDA'S MODEL 
-----· EXPERIMENTAL 
Fig. 5.3 Hysteresis loops of WH2CY {Takeda's model). 
164 
-~ 
0 
~ 
C\J 
0 
tO 
.-1 
~0 
-. co 
0 
tO 
.-1 
I 
WH2CY 
I I ! ~~ I ' II I ~ : ' :1 I ' IJ II II 
I I II II It II 11 
II 11 I II It It II I 11 ( n r: 11 It It It II 1111 
I I I It II II Jl 
I Ill 
I I 
I 
1111 
I II 11 :1 II 11 11 I 
• 1 I II I I I 
''lnlr 
------EXPERIMENTAL 
-- TAKEDA ' S MODEL 
0~·~------~~------~~~----~~----------~------~ ~.0 8.0 16.0 24.0 . 32.0 40.0 
~ NO. OF CYCLES 
Fig. 5.4 Measured and calculated peak deflection 
of WH2CY (Takeda's model). 
165 
0 
/ 
/ 
C : Crackina 
Y : Yieldina 
S : Stiffn- 10ftenin1 
0 : Strensth decaJ 
Fia. 5.5 Propoaed hysteresis model. 
166 
0 
WH2CY 
I 
I 
I 
I 
I 
I 
I 
I ;' 
I ;' 
I ;' 
~;' 
0 
0 
C\J 
~ 
0 
0 
0 
C\J 
~ 
I 
-- ANALYTICAL 
-----· EXPERIMENTAL 
Fig. 5.6 Hysteresis loops of WH2CY. 
167 
0 
. 
0 
I l CD .. WH2CY 
-
I I I 
~ 
~0 I I 
-. (D 
z 
0 
t-f 
1-0 u. 
UJ 
....J 
lJ... 
UJ 
Cl 
~~ 
<(D 
UJ' 
Cl.. 
•• u 
I 
0 
------ EXPERIMENTAL r 
CD 
.. 
I ANALYTICAL 
0 
~.0 8.0 16.0 24.0 32.0 40.0 
N NO. OF CYCLES I 
Fig. 5. 7 Measured and calculated peak deflection of WH2CY · 
168 
-5.0 
FH2CY 
-3.0 
I 
I 
I 
I 
I 
I I I 
I I I 
I I I 
I I I 
I I I 
I I I 
I ,'I 
I I;! 
I ~ 
I ;!I 
,' .,~ I 
I _,-' ( 
I ., ...... 
.,-' ... 
0 
. 
0 
U1 
... 
0 
. 
0 
0 
U1 
... 
I 
.0 3.0 5.0 
DEFLECTION (MM) 
-- SIMPLIFIED MODEL 
-----· FINITE ELEMENT METHOD 
Fig. 5.8 Hysteresis loops of FH2CY. 
169 
0 
tO 
~ 
~0 
-. 
z 
0 
H 
ru 
...... 
u~ 
w 
_j 
l.J... 
w 
0 
~~ 
<(N 
WI 
a... 
0 
qo 
I 
. · .. · 
FH2CY 
------· FINITE ELEMENT METHOD 
. 
I 
I 
I 
I 
I 
I 
I 
I 
--- SIMPLIFIED HYSTERESIS MODEL 
0-----------~----------~--------~--------~-------~ ~.0 .8 1.6 2.4 3.2 4.0 
I NO. OF CYCLES 
Fig. 5.9 Peak deflec~ions from finite element model 
and simplified model of FH2CY. 
170 
-5.0 
WH3CY 
I 
-3.0 
I 
/ 
I 
I 
I 
I 
I 
I ,-' 
l,. )I' 
I 
I 
I 
I 
I 
, 
I , 
0 
. 
0 
CQ 
0 
. 
0 
-~ z 
~ 
-
0 
0 
CQ 
I 
5.0 (MM) 
-- SIMPLIFIED MODEL 
-----.FINITE ELEMENT METHOD 
Fig. 5.10 Hysteresis loops of WH3CY. 
171 
-0 
tO 
::E 
:EO 
-. N 
z 
0 
H 
1--u~ 
w 
_J 
lJ.. 
w 
0 
~~ 
<tN 
wl 
0.. 
0 
. 
~ 
I 
WH3CY 
------· FINITE ELEMENT METHOD 
--- SIMPLIFIED HYSTERESIS MODEL 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I I 
I I 
I 
I I 
II 
~ 
0~_...._...._...._....~_...._...._...._....~~_...._...._....~.__...._...._...._....~_...._....._._....~ 
u>.o 1.0 2.o 3.o 4.o s.o 
I NO. OF CYCLES 
Fig. 5.11 Peak deflections from finite element model 
and simplified model of WH3CY. 
172 
FH3CY 
-5.0 
0 
0 
N 
... 
0 
0 
-aJ 
z 
~ 
-
0 
. 
0 
aJ 
I 
0 
0 
N 
... 
I 
3.0 
FLECTION 
-- ANALYTICAL 
5.0 (MM) 
-----· EXPERIMENTAL 
Fig. 5.12 Hysteresis loops of FH3CY. 
173 
0 
. 
(D 
~ 
~0 
.......... . 
C\J 
z 
0 
H 
1-
u~ 
llJ 
_j 
LJ_ 
llJ 
0 
~~ 
<t:C\J 
wl 
Cl.. 
0 
. 
~ 
I 
. · .. · 
FH3CY 
I 
I 
I I 
I I 
I 
I 
I 
I 
I 
I 
I 
~ 
I 
' ~ 
______ .EXPERIMENTAL 
__ ANALYTICAL 
I I 
I I 
I I 
I 
I II 
I II U 
II I 
I I 
' ' 
o~ ______ _. _________ ~-----------------_.---------~ 
~.0 4.0 8.0 12.0 16.0 20.0 
I NO. OF CYCLES 
Fig. 5.13 Peak deflections from finite element model 
and simplified model of FH3CY. 
174 
-10.0 
. · .. · 
BH1CY 
I , 
0 
. 
0 
C\J 
... 
0 
. 
0 
-cc z 
~ 
-
I 
I 
I 
I 
II I ,., 
' 
0 
. 
0 
CD 
I 
0 
0 
C\J 
... 
I 
6.0 
FLECTION 
-- ANALYTICAL 
10.0 (MM) 
-----· EXPERIMENTAL (59] 
Fig. 5.14 Hysteresis loops of BHlCY. 
175 
0 
C\J 
.-1 
0 
CD 
z 
0 
H 
1-
u~ 
w 
_.J 
ll... 
w 
0 
~~ 
<tq-
w• 
0... 
0 
CD 
I 
BH1CY 
I 
' 
' ~ II 
______ .EXPERIMENTAL (sg) 
__ ANALYTICAL 
I 
I 
I 
a 
/1 II /! II 
I I II 
I I I 
I I I 
I I I 
I 
I 
I 
I 
I 
I 
OL_ ______ -L--------L-------~------~~------~ ru.o 4.o s.o 12.0 1s.o 2o.o 
~ NO. OF CYCLES 
Fig. 5.15 Measured and calculated peak deflections of BHlCY. 
176 
-10.0 
. · .. · 
BH3CY 
-6.0 "' 
"' "' / , / , 
, I"' , , 
I,' I t' I 
I I _, 
I _, 
: I'"' 
.. \,t, 
I 
0 
0 
(0 
0 
. 
0 
-~ z 
~ 
-
0 
0 
~ 
I 
0 
0 
(0 
I 
6.0 
DEFLECTION 
-- ANALYTICAL 
10.0 (MM) 
---~-· EXPERIMENTAL 
[59] 
Fig. 5.16 Hysteresis loops of BH3CY. 
177 
0 
C\J 
... 
0 
. 
z 
0 
H 
1-
u~ 
w 
_j 
lJ... 
w 
0 
~~ 
<~ 
w• 
Q.. 
. · .. · 
BH3CY 
f I I 
II II 
' 
• 
' 
I 
I 
I 
I 
I 
I I 
' 
I 
\I \ I 
I \I 
' 
o ______ .EXPERIMENTAL [59] 
CII 
I 
__ ANALYTICAL 
I 
I 
I I 
I I 
I I 
I I 
I I 
I I 
II 
II 
II 
~ 
0~--------~~---------~~---------~------------~---------~~ ru.o 4.o e.o 12.o 1s.o 2o.o 
r NO. OF CYCLES 
Fig. 5.17 Measured and calculated peak deflections of BH3CY. 
178 
-10.0 
. -.. · 
FV2CY 
I 
I 
I 
I 
I 
I 
I 
<.. ., 
...... 
I 
I 
I 
I 
0 
0 
tn 
... 
0 
. 
0 
0 
tn 
... 
I 
...."'\ 
\ 
I 
I 
I 
I . 
I 
I 
I 
I 
I 
I 
I 
-- ANALYTICAL 
10.0 (MM) 
-----· EXPERIMENTAL 
Fig. 5. I 8 Hysteresis loops of FV2CY. 
179 
-~ 
0 
. 
N 
... 
0 
m 
~0 
-. ~ 
z 
0 
~ 
r-u~ 
UJ 
...J 
lJ... 
UJ 
Cl 
~~ 
<t~ 
w• 
a. 
0 
. 
m 
I 
FV2CY 
. ,• 
------·EXPERIMENTAL 
__ ANALYTICAL 
• 
' ' 
' 
' I I 
• 
I I ,, 
t 
0~------~----..... ~------~--...----~------~ N.O 4.0 8.0 12.0 16.0 20.0 
i NO. OF CYCLES 
Fig. 5.19 Meuured and calculated peak deflections of FV2CY. 
180 
BV2CY 
-10.0 
0 
. 
0 
(\J 
... 
0 
0 
-m z 
~ 
-
0 
0 
aJ 
I 
0 
0 
(\J 
... 
I 
6.0 
EFLECTION 
-- ANALYTICAL 
10.0 (MM) 
-----· EXPERIMENTAL (59) 
Fig. 5.20 Hysteresis loops of BV2CY. 
181 
0 
. 
C\1 
... 
0 
·m 
z 
0 
H 
1--
u~ 
UJ 
_J 
lJ._ 
UJ 
0 
~~ 
<t~ 
w' 
0.. 
0 
CXl 
I 
. · .. · 
BV2CY 
I 
I I 
I I 
I 
I 
II 
II 
II . 
-
f I I 
I 
------·EXPERIMENTAL [ 5~ 
__ ANALYTICAL 
0~------------~~----~~--------~~------------~------------__J ru.o 4.o a.o 12.o 1s.o 2o.o 
r NO. OF CYCLES 
Fig. 5.21 Measured and calculated peak deflections of BV2CY. 
182 
-12.5 
I 
I 
I 
I 
I 
I 
WV1CY 
0 
. 
0 
C\J 
... 
0 
0 
-CD 
z 
~ 
-
0 
0 
CD 
I 
0 
0 
C\J 
... 
I 
---7 
I 
I 
I 
I 
I 
I 
I -e..--" __ .. , / 
-- I / 
I " h" 
,:I' 
"'" 
"'" 
"'" 
12.5 (MM) 
-- ANALYTICAL 
-----·EXPERIMENTAL 
Fig. 5.22 Hysteresis loops of WVlCY. 
183 
-~ 
0 
. 
In 
... 
0 
. 
0 
... 
~0 
- . In 
z 
0 
t-1 
..... 
u~ 
w 
....J 
lJ.. 
w 
Q 
~~ 
<tin 
w' 
a. 
0 
. 
0 
... 
I 
WV1CY 
f 
' f ' ~ I 
' 
, 
------EXPERIMENTAL 
ANALYTICAL 
I I I I 
I I 
I I 
•• II II 
•• II II 
-
~ 
' ' • •I 
' 
l j 
I 
I 
I 
I 
I 
" 
" , 
• 
• f 
II 
II 
II 
I 
I 
I 
I 
I 
I 
I 
I 
0~------~~------~~------L-------~--------~ ~.0 5.0 10.0 15.0 20.0 I, NO. OF CYCLES 25.0 
Fig. 5.23 .Measured and calculated peak deOectiona of WVJCY. 
184 
References 
[1] American Concrete Institute. 
Building Code Requirements for Reinforced Concrete and Commentary 
{AC/318-83). 
American Concrete Institute, Detroit, 1983. 
[2] Agrawal, A.B. 
Nonlinear Analysis of Reinforced Concrete Planar Structures Subjected to 
Monotonic, Reversed Cyclic and Dynamic Loads. 
PhD thesis, University of New Brunswick, Fredericton, Canada, Mar., 
1977. 
[3] ASCE. 
State-of-the-Art Report on Finite Element Analysis of Reinforced 
Concrete. 
American Society of Civil Engineers, New York, 1982. 
[4] Applied Technology Council. 
Tentative Provisions for the Development of Seismic Regulations for 
Buildings (A TC-3). 
Applied Technology Council, NBS SP-510, National Science Foundation, 
1978. 
[5] Baker, A.L.L. and Amarakone, A.M.N. 
Inelastic Hyperstatic Frames Analysis. 
In International Symposium on the Flexural Mechanics of Reinforced 
Concrete, Proceedings, pages 85-142. ASCE-ACI, Miami, Florida, 
Nov., 1964. 
[6] Bathe, K.J. 
Finite Element Procedures in Engineering Analysis. 
Prentice Hall, Inc., NJ., 1982. 
[7] Bathe, K.J., Wilson, E.L. and Peterson, F.E. 
SAP IV, A Structural Analysis Program for Static and Dynamic Response 
of Linear Systems. 
University of California at Berkeley, Berkeley, 1973. 
[8] Bathe, K.J. and Ramaswamy, S. 
On Three-Dimensional Nonlinear Analysis of Concrete Structures. 
Nuclear Engineering and Design 52:385-409, 1979. 
[9] Bazant, Z.P. and Bhat, P.D. 
Prediction of Hysteresis of Reinforced Concrete Members. 
Journal of the Structural Division 103(ST1):153-167, Jan., 1977. 
185 
[10] Bergan, P.G. and Roland, I. 
Nonlinear Finite Element Analysis of Concrete Structures. 
Computer Methods in Applied Mechanics and Engineering 17/18:443-467, 
1979. 
[11] Boppana, R.R. and Naeim, F. 
Modeling of Floor Diaphragms in Concrete Shearwall Buildings. 
Concrete International American Concrete Institute, Detroit, July:44-46, 
1985. 
[12] Button, M.R., Kelly, T.E. and Jones, L.R. 
The Influence of Diaphragm Flexibility on the Seismic Response of 
Buildings. 
Eighth World Conference on Earthquake Engineering, Proceedings 
JV:759-766, 1984. 
San Francisco. 
[13] Cervenka, V. and Gerstle, K.H. 
Inelastic Analysis of Reinforced Concrete Panels, Theory. 
Proceedings, International Association of Bridge and Structural Engineers 
31-11:31-45, 1971. 
[14] Cervenka, V. and Gerstle, K.H. 
Inelastic Analysis of Reinforced Concrete Panels, Experimental Verification 
and Applications. 
Proceedings, International Association of Bridge and Structural Engineers 
32-11:25-39, 1972. 
[15] Chen, S. J., Hunag, T. and Lu, L. W. 
Nonlinear Analysis of RC Panels under In-Plane Loading. 
In Electronic Computation, pages 590-601. American Society of Civil 
Engineer, Birmingham, Alabama, Feb., 1986. 
[16] Chen, W.F. and Saleeb, A.F. 
Constitutive Equations for Engineering Materials, Vol. /: Elasticity and 
Modeling. 
John Wiley and Sons, Inc., New York, 1982. 
[17] Chen, W.F. 
Plasticity in Reinforced Concrete. 
McGraw-Hill Book Company, New York, 1982. 
[18] Chen, W.F., Liu, X.L. and Chang, T.Y. 
Simplified Inelastic Analysis of Reinforced Concrete Panels. 
ASCE Convention and Exhibit. 
New Orleans, LA., Oct. 25-29, 1982 
186 
[19] Clough, R.W. and Johnston, S.B. 
Effect of Stiffness Degradation on Earthquake Ductility Requirements. 
Second Japan National Conference on Earthquake Engineering 1:227-232, 
1966. 
[20] Clough, R. W. 
Predicting the Earthquake Response of Reinforced Concrete Structures, 
ACI SP-53. 
In Reinforced Concrete Structures in Seismic Zones, pages 59-70. 
American Concrete Institute, Detroit, 1977. 
[21] Clough, R.W., King, I.P. and Wilson, E.L. 
Structural Analysis of Multi-Story Buildings. 
Journal of the Structural Division, ASCE 90(ST3):19-34, Jun, 1964. 
[22] Corley, W .G. 
Rotational Capacity of Reinforced Concrete Beams. 
Journal of the Structural Division, ASCE 92(ST5):121-146, Oct., 1966. 
[23] Coull, A. and Adams, N.M. 
A Simple Method of Analysis of the Load Distribution in Multistory 
Shear Wall Structures. 
In Response of Multistory Concrete Structures to Lateral Forces, pages 
187-207. American Concrete Institute, Detroit, 1973. 
[24] Cowan, H.J. 
The Strength of Plain, Reinforced and Prestressed Concrete Under the 
Action of Combined Stresses, with Particular Reference to the 
Combined Bending and Torsion of Rectangular Sections. 
Magazine of Concrete Research, London 5(14):75-86, December, 1953. 
[25] Darwin, D. and Pecknold, D.A. 
Nonlinear Biaxial Stress Strain Law for Concrete. 
Journal of the Engineering Mechanics Division, ASCE 103(EM2):1, Apr., 
1977. 
[26] dePaiva, R.H.A. and Siess, C.P. 
Strength and Behavior of Deep Beams in Shear. 
Journal of the Structural Division, ASCE 91(ST5):19-41, Oct., 1965. 
[27] Evans, R.H., and Marathe, M.S. 
Microcracking and Stress-Strain Curves for Concrete in Tension. 
Materials and Structures, Research and Testing 1(1):61-64, Jan-Feb, 1968. 
[28] Ghali, A. and Neville, A.M. 
Three-Dimensional Analysis of Shear Wails. 
The Institution of Civil Engineers 51:347-357, Feb., 1972. 
187 
[29] Goldberg, J.E. and Herness, E.D. 
Vibration of Multistory Buildings Considering Floor and Wall 
Deformations. 
Bulletin of the Seismological Society of America 55(No. 1):181-200, 1965. 
[30] Gonzalez, C., Lu, L.W. and Huang, T. 
Seismic Damage Analysis of the Imperical County Service Building. 
Technical Report 422.12, Fritz Engineering Laboratory, Lehigh University, 
Feb., 1981. 
presented at the annual meeting of the Earthquake Engineering Research 
Institute, Santa Barbara, California. 
[31] Gopalaratnam, V.S. and Shah, S.P. 
Softening Response of Plain Concrete in Direct Tension. 
Journal of the American Concrete Institute 82(3):310-323, May-June, 1985. 
[32] Halvorsen, H.F. 
Analysis of Crack Formation in Concrete. 
Master's thesis, Norwegian Institute of Technology, Division of Structural 
Mechanics, Trondheim, 1976. 
[33] Hand, F .R., Pecknold, D.A. and Schnobrich, W .C. 
Nonlinear Layered Analysis of RC Plates and Shells. 
Journal of Structural Division, ASCE 99(ST7):1491-1505, July, 1973. 
[34] Hawkins, N.M. 
Seismic Response Constraints for Slab Systems. 
In Earthquake-Resistant Reinforced Concrete Building Construction, pages 
1253-1275. University of California, Berkeley, 1977. 
[35] Hinton, E. and Owen, D.R.J. 
An Introduction to Finite Element Computations. 
Pineridge Press Limited, Swansea, U.K., 1979. 
[36] Hinton, E. and Owen, D.R.J. 
Finite Element Programming. 
Academic Press, London, U.K., 1977. 
[37] Hsieh, S.S., Ting, E.C. and Chen, W.F. 
An Elastic-Fracture Model for Concrete. 
Proc. 3rd Eng. Mech. Div. Special Conf. ASCE, Tx.:437-440, 1979. 
[38] Jain, S.K. 
Analytical Models for The Dynamics of Buildings. 
PhD thesis, California Institute of Technology, 1983. 
[39] .Jain, S.K. 
Continuum Models for Dynamics of Buildings. 
Journal of Engineering Mechanics, ASCE llO(No. 12):1713-1730, Dec., 
1984. 
188 
[40] Jain, S.K. and Jennings, P.C. 
Analytical Models for Low-Rise Buildings with Flexible Floor Diaphragms. 
Earthquake Engineering and Structural Dynamics 13(No. 2):225-241, Mar.-
Apr., 1985. 
[41] Jain, S.K. and Jennings, P.C. 
Continuous Models for Frame and Shear- Wall Building with Flexible 
Floors. 
Eighth World Conference on Earthquake Engineering IV:743-750, 1984. 
San Francisco. 
[42] Jain, S.K. 
Seismic Response of Buildings With Flexible Floors. 
Journal of Engineering Mechanics, ASCE llO(No. 1):125-129, Jan, 1984. 
[43] Ji, X., Huang, T., Lu, L.W. and Chen, S.J. 
An Experimental Study of the In-Plane Characteristics of Waffle Slab 
Panels. 
Technical Report 481.3, Fritz Engineering Laboratory, Lehigh University, 
to be published. 
[44] Ji, X., Chen, S.J., Huang, T. and Lu, L.W. 
Deflection of Waffle Slabs Under Gravity and In-Plane Loads, ACI SP-86. 
In Deflection of Concrete Structures, pages 283-294. American Concrete 
Institute, Detroit, 1985. 
[45] Karadogan, H. F. 
Earthquake Analysis of 3D Structures with Flexible Floors. 
Seventh World Conference on Earthquake Engineering 5:261-268, 1980. 
Istanbul, Turkey. 
[46] Karadogan, H.F., Huang, T., Lu, L.W. and Nakashima, M. 
Behavior of Flat Plate Floor Systems Under In-Plane Seismic Loading. 
In Proceedings of the Seventh World Conference on Earthquake 
Engineering, pages 9-16. WCEE, Istanbul, Turkey, September, 1980. 
[47] Karadogan, H.F., Lu, L.W., and Huang, T. 
Techniques for In-Plane Vibration and Shear Testing of Model Floor 
Slabs, ACI SP-73. 
In Symposium on Dynamic Modeling of Concrete Structures, pages 
189-204. American Concrete Institute, Detroit, 1982. 
[48] Kulicki, J.M. and Kostem, C.N. 
The Inelastic Analysis of Reinforced and Prestressed Concrete Beams. 
Technical Report no. 378B.1, Fritz Engineering Laboratory, Lehigh 
University, 1972. 
[49] Kupfer, H., Hilsdorf, H.K. and Rusch, H. 
Behavior of Concrete under Biaxial Stresses. 
Journal of American Concrete Institute 66(8):656-666, August, 1969. 
189 
[50] Lin, C.S. and Scordelis, A.C. 
Nonlinear Analysis of RC Shells of General Form. 
Journal of the Structural Division, ASCE 101(ST3):523-538, March, 1975. 
[51] Liu, T.C.Y., Nilson, A.H. and Slate, F.O. 
Biaxial Stress-Strain Relations for Concrete. 
Journal of Structural Division, ASCE 98(ST5):1025-1034, 1972. 
[52] Liu, T.C.Y., Nilson, A.H. and Slate, F.O. 
Stress-Strain Response and Fracture of Concrete m Uniaxial and Biaxial 
Compression. 
Journal of the American Concrete Institute 69(5):291-295, May, 1972. 
[53] Macleod, I.A., Wilson, W., Bhatt, P. and Green, D. 
Two Dimensional Treatment of Complex Structures. 
The Institution of Civil Engineers 53:589-596, Dec., 1972. 
[54] Mahin, S.A. and Bertero, V.V. 
Problems in Establishing and Predicting Ductility in Aseismic Design. 
In International Symposium on Earthquake Structural Engineering, pages 
613-628. University of Missouri, Rolla, St. Louis, Aug., 1976. 
[55] Mattock, A.H. 
Discussion of "Rotational Capacity of RC Beams" by W. G. Corley. 
Journal of the Structural Division, ASCE 93(ST4):519-522, Apr., 1967. 
[56] Muto, K. 
A seismic Design Analysis of Buildings. 
Maruzen Co., Tokyo, Japan, 1974. 
[57] Nakashima, M., Huang, T. and Lu, L.W. 
Effect of Diaphragm Flexibility on Seismic Response of Building 
Structures. 
Eighht Word Conference on Earthquake Engineering IV:735-742, 1984. 
[58] Nakashima, M., Huang, T., Lu, L.W. 
Experimental Study of Beam-Supported Slabs Under In-Plan Loading. 
Journal of the American Concrete Institute 79(1):59-65, Jan-Feb, 1982. 
[59] Nakashima, M. 
Seismic Resistance Characteristics of Reinforced Concrete Beam-Supported 
Floor Slabs in Building Structures. 
PhD thesis, Department of Civil Engineering, Lehigh University, March, 
1981. 
[60] Ngo, D. and Scordelis, A.C. 
Finite Element Analysis of Reinforced Concrete Beams. 
American Concrete Institute Journal 64(3):152-163, March, 1967. 
190 
[61] Nilson, A.H. 
Nonlinear Analysis of Reinforced Concrete by the Finite Element Method. 
Journal of the American Concrete Institute 65(9):757-766, Sep., 1968. 
[62] Otani, S. 
Inelastic Analysis of Reinforced Concrete Frame Structures. 
Journal of the Structural Division, ASCE 100(ST7):1433-1449, July, 1974. 
[63] Otani, S. 
Hysteresis Models of Reinforced Concrete for Earthquake Response 
Analysis. 
In Eighth World Conference on Earthquake Engineering, pages 551-558. 
WCEE, San Francisco, 1984. 
[64] Otani, S. 
Behavior of Multistory Reinforced Concrete Frames During Earthquakes. 
PhD thesis, University of Illinois, Urbana, 1972. 
[65] Owen, D.R.J. and Hinton, E. 
Finite Elements in Plasticity: Theory and Practice. 
Pineridge Press Limited, Swansea, U.K., 1980. 
[66] Park, R. and Paulay, T. 
Reinforced Concrete Structures. 
John Wiley and Sons, New York, 1975. 
[67] Reinforced Concrete Research Council. 
Reinforced Concrete Floor Slabs -- Research and Design. 
Technical Report Bulletin 20, American Society of Civil Engineers, New 
York, 1978. 
[68] Roper, S.C. and lding, R.H. 
Appropriateness of the Rigid Floor Assumption for Buildings with 
Irregular Features. 
Eighth World Conference on Earthquake Engineering IV:751-758, 1984. 
San Francisco. 
[69] Rots, J.G., Nauta, P., Kusters, G.M.A., and Blaauwendraad, J. 
Smeared Crack Approach and Fracture Localization in Concrete. 
Technical Report vol. 30, no. 1, HERON, 1985. 
[70] Rusch, H. 
Researches Toward a General Flexural Theory for Structural Concrete. 
Journal of the American Concrete Institute 57(1):1-28, July, 1960. 
[71] Rutenberg, A. 
Laterally Loaded Flexible Diaphragm Buildings. 
Journal of the Structural Division, ASCE 106(ST9):1969-1973, Sep., 1980. 
191 
[72] Sawyer, H.A. 
Design of Concrete Frames for Two Failure Stages. 
In International Symposium on the Flexural Mechanics of Reinforced 
Concrete, Proceedings, pages 405-431. ASCE-ACI, Miami, Nov., 1964. 
[73] Sih, G.C. and DiTommaso, A., edt. 
Fracture Mechanics of Concrete: Structural Application and Numerical 
Calculation. 
Martinus Nijhoff Publishers, Dordrecht, 1985. 
[74] Stamato, M.C. and Smith, S.B. 
An Approximate Method for the Three Dimensional Analysis of Tall 
Buildings. 
The Institution of Civil Engineers 43:361-379, 1969. 
[75] Steinbrugge, K.V. 
Earthquake Damage and Structural Performance m the United States. 
in Earthquake Engineering, Wiegel, R.L., editor. 
Prentice-Hall, NJ, 1970, pages 167-226. 
[76] Stephen, R.M. and Bouwkamp, J.G. 
Dynamic Behavior of an Eleven Story Building. 
Sixth World Conference on Earthquake Engineering III:2711-2716, 1977. 
New Delhi. 
[77] Takeda, T.; Sozen, M. and Nielsen, N.N. 
Reinforced Concrete Response to Simulated Earthquakes. 
Journal of the Structural Division, ASCE 96(ST12):2557-2573, Dec., 1970. 
[78] International Conference of Building Officials. 
Uniform Building Code (UBC). 
International Conference of Building Officals, Whittier, California, 1982. 
[79] Unemori, A.L., Roesset, J.M. and Becker, J.M. 
Effect of In-Plane Floor Slab Flexibility on the Response of Crosswall 
Buildings. 
In Reinforced Concrete Structures Subjected to Wind and Earthquake 
Forces, A CJ SP-63, pages 113-134. American Concrete Institute, 
Detroit, 1980. 
[80] Vanderbilt, M.D. 
Equivalent Frame Analysis for Lateral Loads. 
Journal of the Strudural Division 105(ST10):1981-1998, Oct., 1979. 
[81] Vecchio, F. and Collins, M.P. 
Stress-Strain Characteristics of Reinforced Concrete in Pure Shear. 
In Advanced Mechanics of Reinforced Concrde, pages 21 1-225. IABSE, 
Delft, 1981. 
192 
[82] Wakabayashi, M. 
Design of Earthquake-Resistant Buildings. 
McGraw-Hill Book Company, New York, 1986. 
[83] Wang, C.K. and Salmon, C.G. 
Reinforced Concrete Design. 
Harper and Row, New York, 1985. 
[84] Willam, K.J. and Warnke, E.P. 
Constitutive Model for the Triaxial Behavior of Concrete. 
In Concrete Structures Subjected to Triaxial Stresses, pages 1-30. IABSE, 
Bergamo, Italy, 1974. 
[85] Wilson, E.L. and Dovey, H.H. 
Three Dimensional Analysis of Building Systems-TABS. 
Technical Report, Earthquake Engineering Research Center, University of 
California, Berkeley, 1972. 
[86] Wilson, E.L., Hollings, J.P. and Dovey, H.H. 
ETA BS, Three Dimensional Analysis of Building Systems (Extended 
Version). 
Technical Report, Earthquake Engineering Research Center, University of 
California, Berkeley, 1975. 
[87] Wilson, E.L. and Dovey, H. H. 
Three-Dimensional Analysis of Building Systems, TABS-80. 
Technical Report, A Report to the U.S. Army Engineer Waterways 
Experiment Station, Computers/Structures International, 1980. 
[88] Zienkiewicz, O.C. 
The Finite Element Method. 
McGraw-Hill, London, 1977. 
193 
Appendix 
194 
0.. 
0 
0 
.....J 
.... 
c 
~ 
a 
~ 
.. 
(..) 
c 
-
-o (11 
0 
.....J 
Overall Structure of Nonlinear Finite Element Program. 
0.. 
0 
0 
.....J 
c 
0 
·~ (11 
.. 
~ 
.... 
-
~ 
(..) 
c 
~ 
~ 
.. 
~ 
> 
c 
0 
C,) 
Input data 
-
INC REM 
Read load factors and convergence 
criteria. Increment of applied load 
according to specified load factors . 
. -
STIFFP, ASEMB 
Calculate element stiffness 
matrices for concrete and assemble 
the global stiffness matrix. 
SSTIFF ,ASSEMS 
Calculate element stiffness 
matrices for steel and assemble 
the global stiffness matrix. 
GREDUC, BAKSUB 
Perform the reduction of the 
stiffness equations by direct 
Gaussian elimination method. 
and perform the back substitution 
phase of the solution process. 
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SLIDE 
RESIDU r--- Check the sliding failure 
Evaluate the nodal forces which and release the stresses. 
CRACK 
are statically equivalent to the 
stresses field satisfying Mohr-
Coulomb yield/ failure criterion 
with tension cut-offs. 
1---- Check tensile cracking and 
release the stress. Updating 
the cracking pattern. 
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C) 
REF OR 
Check the stress states of steel 
bars and calculate the equivalent 
nodal forces. 
CONVER 
Check to see if the solution 
process has converged. 
Yes 
OUTPUT 
Print the results for 
this load increment. 
Write the results to 
magnetic tape or disk 
for future restart purpose. 
END 
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